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Introduction 


Several investigators have recently reported certain plant responses to 
2,3,5-triiodobenzoic acid (hereafter referred to as TIBA). ZIMMERMAN 
and Hireucock (5) reported that TIBA was inactive with regard to cell 
elongation but had formative effects on tomato. Although TIBA did not 
cause epinasty of leaves, soil application of TIBA in solution resulted in 
an odd bending of stems as subsequent growth occurred. These investiga- 
tors also reported a tendency for an increase in number as well as amount 
of axillary shoot growth and the production of flower clusters from buds 
which normally developed vegetative shoots. Gauston (1) was unable to 
induce flowering of vegetative Peking soybeans by application of TIBA 
but obtained an increased floral response of photoinduced plants. Mor- 
phological responses of soybean to TIBA included shortening of inter- 
nodes, loss of apical dominance, epinasty of young leaves, and premature 
abscission of apical leaves and buds. 

Telemorphic changes of vegetative structures of TIBA-treated bean 
plants have been reported by Kraus and Mircue.i (2). Elongation of 
the internodes was checked, terminal and axillary bud growth affected, and 
leaves showed characteristic dwarfing and curling. Neither tumor forma- 
tion nor root initiation was reported. 

Wailtine and Murray (4) applied TIBA in lanolin and in aqueous and 
emulsion sprays to red kidney bean. Application of TIBA in lanolin to 
decapitated surfaces of the second internode resulted in discoloration of 
the tissue, necrosis of the treated tissue, and formation of small tumors in 
the stem immediately below the treated area. Telemorphic effects were 
noted on the first trifoliate leaves of the developing axillary shoots, how- 
over, subsequent growth was normal. The responses to lanolin ringing of 
the internode were similar to those noted as the result of spray appliea- 
tions. Telemorphic responses induced in leaves included downward cur- 
vature of tips, inward curvature of margins, and dwarfing of leaflets. <A 
silver-hairiness, discoloration, and abscission, was apparent on severely af- 
fected leaves. Inhibition of elongation of the internode occurred below 
the terminal bud. Severely affected buds showed discoloration and ab- 
scission, whereas, buds less severely affected showed recovery. As the 
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plants lost apical dominance strong development of axillary shoots oc- 
eurred. Axillary shoots above the lanolin ring showed the same symptoms 
as the apical bud, and those shoots below the application frequently devel- 
oped the symptoms. Histological examination showed insignificant tumor 
development with applications to the cut surface, but no tumor formation 
resulted from the ringing treatment. Leaf and bud abscission was caused 
by the formation of well-defined separation layers. 

On the basis of the Avena coleoptile curvature test, GaLsTON (1) has 
reported inhibition of the effectiveness of indoleacetic acid (LAA) by low 
concentrations of TIBA and a complete negation of the effect by higher 
concentrations. THIMANN and Bonner (3) obtained similar results with 
high mol ratios of TIBA/IAA, however lower mol ratios (up to 8.7) re- 
sulted in an increase in the effectiveness of IAA. They have suggested 
that if auxin brings about its growth-promoting activities by combining 
with a special substrate, then, because of the similarity between the mole- 
cules of TIBA and IAA there may be competition to occupy these posi- 
tions. The combining of TIBA with the substrate does not result in 
growth. If the concentration of TIBA is not too high, there are still left 
open a small number of spaces or active groups on the substrate with which 
auxin combines. The result might then be that auxin causes growth with 
the expenditure of a smaller number of auxin molecules than are normally 
required. 

It is evident that the responses brought about by TIBA are signifi- 
eantly different from those of growth-regulators of the auxin-type. To 
determine whether or not certain responses of plants to naturally occur- 
ring and applied growth-regulators would be altered by applications of 
TIBA, the present study was initiated and is presented in three sections: 

a) Effect on rooting of cuttings 

b) Effect on development of axillary buds 

ec) Formative and injurious effects 


The effect of TIBA on rooting of cuttings 


MATERIALS AND METHODS.—Clonal stock of Coleus Blumei Benth. was 
used for all experiments. Terminal cuttings five to six inches in length 
were made with the basal cut immediately below a node. The solutions 
for the treatment of the cuttings were prepared by dissolving TIBA or 
indolebutyrie acid (IBA) in 10 ee. of 95% ethyl aleohol and diluting with 
distilled water. Four hundred ec. of solution were used for each lot of 
20 cuttings. The bases of the cuttings were submerged to a depth of one 
and one-half inches in the various solutions for 24 hours. At the end of 
the soaking period, the cuttings were removed from the solutions. After 
the excess solution was allowed to run off, they were stuck in medium 
grade quartz sand to a depth of two inches. Except as otherwise noted 
the cuttings remained in the rooting medium for 12 days before removal 
for examination. During the experimental periods, the temperature varied 
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from 75° to 80° F. and the relative humidity was never below 60%. 
Fluorescent light (daylight tubes) of approximately 600 f. ¢. was sup- 
plied from 8 A.M. to 5 P.M. 

RESULTS AND DISCUSSION.—In one experiment, conducted in June, 
1947, Coleus cuttings were subjected to a 24-hour soak in distilled water 
and in solutions containing concentrations of TIBA ranging from 1 to 
250 p.p.m. After 12 days the cuttings were examined for the number 
rooting and the number of roots formed. The results, recorded in table I, 
show that concentrations of five p.p.m. or more TIBA inhibited the rooting 
of cuttings as well as reduced the average number of roots formed. These 
results were substantiated by similar experiments conducted in July and 


TABLE I 


ROOTING RESPONSE OF Coleus Blumei CUTTINGS FOLLOWING 24-HOUR SOAKING OF BASE 
IN 2,3,5-TRIIODOBENZOIC ACID PRIOR TO STICKING. EACH TREATMENT INCLUDED 
20 CUTTINGS. DATA TAKEN 12 DAYS APTER COMPLETION OF 
THE SOAKING TREATMENT 














Rep- WATER P.p.M. TIBA OF SOAK 
OBSERVATION LI- Con- eevee 
CATE TROL 1 5 10 25 50 100 250 
Total number of 1 19 17 15 9 3 0 1 0 
cuttings rooted 2 20 20 12 14 1 1 0 0 
3 18 17 13 9 2 2 0 0 
t 20 18 13 11 1 0 0 0 
Ave* 19.25 18.00 13.25 10.75 1.75 0.75 0.25 0.0 
Average number 1 9.0 9.5 6.4 39 04 00 02 0.0 
roots/ cutting/ 2 12.0 14.2 6.4 S22 66.16 (OO Oe. G8 
treatment 3 7.3 9.2 8.4 48 0.7 0.2 00 0.0 
+ 19.4 15.2 6.4 3.1 0.1 0.0 0.0 0.0 
Ave** 11.92 12.02 690 4.20 0.32 0.08 0.05 0.0 


* Least significant difference: 1%—2.59; 5%—1.90. 
** Least significant difference: 1%—4.71; 5%—3.48. 


September, 1947, and again in April, 1948. The slight stimulation of the 
average number of roots of the one p.p.m. TIBA treatment, though not 
significant in any given experiment, was observed in all trials. 

In a second experiment one series of cuttings was given only an initial 
soaking in the various solutions, while a second series received the initia} 
soaking plus additional soaking treatments every fourth day. The data, 
presented in table II, show that the inhibitory effect of the single treat- 
ment was gradually lost, while with repeated treatment with TIBA, econ- 
tinued inhibition occurred with concentrations of five or more p.p.m. 
After 20 days those cuttings which had received repetitions of the higher 
concentrations of TIBA were so severely injured that most of the treated 
portion of the stem was either rotting or dead. These treatments were 
discontinued at this time. However, where only a single soaking treat- 
ment was given, 96 to 100% rooting was obtained after 45 days. 
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Since it had been shown that TIBA may inhibit the rooting of Coleus 
cuttings, a third experiment was conducted to ascertain whether or not 
soaking with IBA prior to or subsequent to the TIBA treatment would 
alter the inhibitory effect of the TIBA. In one instance, lots of uniform 
cuttings were subjected to a 24-hour soak of TIBA ranging in concentra- 
tion from one to 100 p.p.m. followed by a 24-hour soak in IBA solutions 
ranging from one to 50 p.p.m. In a second series of treatments the soaking 


TABLE II 


PER CENT. ROOTING OF Coleus Blumei CUTTINGS FOLLOWING VARIOUS 24-HOUR SOAKING 
TREATMENTS OF BASE OF CUTTINGS IN SOLUTIONS CONTAINING 2,3,5-TRIIODOBENZOIC 
ACID AS INDICATED. EACH SAMPLE CONSISTED OF 20 CUTTINGS. 








CONCENTRATION NO. DAYS AFTER INITIAL SOAKING 


TREATMENT 

TIBA IN P.P.M. 4 8 12 16 20 
Initial soaking only 100 100 

0 Initial soaking plus 
soaking every 4th day 100 100 100 100 100 
Initial soaking only 95 100 

1 Initial soaking plus 
soaking every 4th day 50 90 90 100 100 
Initial soaking only 75 95 

5 Initial soaking pius 
soaking every 4th day 20 55 65 75 75* 
Initial soaking only 60 90 

10 Initial soaking plus 
soaking every 4th day 5 15 35 55 55* 
Initial soaking only 10 80 

25 Initial soaking plus 
soaking every 4th day 0 0 10 15 20* 
Initial soaking only 5 65 

50 Initial soaking plus 
soaking every 4th day 0 0 0 0* 0* 
Initial soaking only 0 50 

100 Initial soaking plus 
soaking every 4th day 0 0 0* 0* 0* 


* Severe injury to basal end of many cuttings which had not rooted and slight 
injury to a few rooted cuttings. 
sequence was reversed. Control treatments consisted of a TIBA series, 
an IBA series, and distilled water. Table III records the average number 
of roots produced by the various groups. 

Regardless of the sequence of treatment, for any given concentration 
of TIBA an increase in the average number of roots occurred with in- 
creased concentration of IBA. Within a given concentration of IBA, 
treatment with 10 to 100 p.p.m. TIBA decreased the effectiveness of the 
IBA treatment. An increased effectiveness of IBA when accompanied by 
a low concentration of TIBA is again indicated by these results, since, in 
general, soaking of the cuttings in one p.p.m. TIBA solution resulted in 
an increased number of roots. 
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A reduction in the percentage of cuttings forming roots was obtained 
with treatments of 10 or more p.p.m. TIBA alone or 25 to 100 p.p.m. 
TIBA followed by one p.p.m. IBA. 

A comparison of the results shows that soaking of the cuttings in solu- 
tions containing TIBA prior to solutions containing IBA results in a lower 
average number of roots than by the cuttings of comparable treatments of 
the reversed soaking series. Two exceptions to this are the treatments 
which received 50 and 100 p.p.m. TIBA followed by one p.p.m. IBA. 

On the basis of the explanation of the competitive action between mole- 
cules for positions on a substrate, it is suggested that positions of the sub- 
strate may be occupied by the most available kind of molecule (TIBA or 
IBA, whichever is available first). Thus the molecules of the material of 
the second soaking may occupy only the positions that remain. If a suffi- 


TABLE III 


AVERAGE NUMBER OF ROOTS FORMED PER CUTTING OF Coleus Blumei WHEN TREATED WITH 
24-HOUR SOAKING OF BASE OF CUTTINGS IN 2,3,5-TRIIODOBENZOIC ACID AND INDOLE- 
BUTYRIC ACID AS INDICATED. TEN CUTTINGS PER TREATMENT. DATA 
TAKEN 12 DAYS AFTER COMPLETION OF SOAKING TREATMENT, 


TIBA soak First; IBA, SECOND IBA soAk FirsT; TIBA, SECOND 
Conc. - - 
TIBA IN CONCENTRATION OF IBA IN P.P.M. CONCENTRATION OF IBA IN P.P.M. 
P.P.M. a 
0 1 10 25 50 0 1 10 Ss... 
0 20.5 28.5 57.4 88.0 90.1 20.5 28.5 57.4 88.0 90.1 
1 32.1 35.8 37.5 77.5 96.5 32.1 44.5 75.3 105.0 108.9 
10 11.1 17.1 35.4 75.6 97.5 11.1 
25 10.2 12.6 30.0 52.8 79.8 10.2 19.3 55.7 93.6 108.5 
50 0.7 8.4 26.1 51.9 75.4 0.7 39.0 77.5 84.8 
100 0.5 6.7 16.9 25.7 77.6 0.5 0.1 22.1 41.0 42.3 


cient number of positions are occupied by molecules of TIBA, then auxin 
is not effective in causing rooting. However, if relatively few substrate 
positions are occupied by molecules of TIBA, then, there may remain suf- 
ficient positions for auxin occupation to bring about the growth response. 
The stimulatory effect of one p.p.m. TIBA on rooting of Coleus cuttings is 
in accord with results obtained by THIMANN and Bonner (3) with the 
pea and Avena tests. If the concentration of TIBA is not too high or if 
there is available a large number of positions on the substrate, it is quite 
possible that a fewer number of auxin molecules might occupy positions 
and bring about the increased response. 

Since the inhibitory effect of TIBA may eventually disappear or at 
least be appreciably decreased, auxin molecules must eventually occupy 
sufficient positions to bring about the growth response. Whether this is 
brought about by replacement of the TIBA of the TIBA-substrate union, 
by destruction of the TIBA molecule, by the occupation of new positions 
on the substrate, or by some other process is not definitely indicated by 
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the results so far obtained. However, if the TIBA in union with the 
substrate is replaced by auxin, then it would be expected that the freed 
TIBA would bring about other effects. Since no formative effects were 
noted with Coleus it is doubtful if such occurred. Although there is no 
evidence to indicate that destruction of TIBA occurs either within the 
plant or when mixed in solution or agar with IAA or IBA, such an ex- 
planation should be considered. Still another possibility of why the in- 
hibitory effect of TIBA does not persist is that molecules of TIBA may 
unite with the substrate and thus render the substrate ineffective in its 
role in the growth of the plant. In this way, TIBA may be permanently 
tied up, and new positions formed on the substrate may therefore be utilized 
by other growth substances. 


Effect of TIBA and IBA on development of axillary buds 


MATERIALS AND METHODS.—Red kidney bean (Phaseolus vulgaris L.) 
and California privet (Ligustrum ovalifoliwm Hassk.) were used as the 
test plants. 

Red kidney bean seeds were planted in ordinary potting soil in 4-inch 
pots. The seeds were germinated under greenhouse conditions and seven 
days later seedlings were removed from each pot so that only two uniform 
plants remained. The beans were allowed to grow until the first trifoliate 
leaves were expanding, at which time selection was made for uniform plants 
to be treated. In the first experiment, the treatments (listed in table IV) 
were so arranged that a comparison could be made of the activity of the 
axillary buds of the primary leaves. In one series of treatments applica- 
tions of the lanolin mixtures were made to intact plants, whereas, in a 
second series the plants were decapitated two to three em. above the pri- 
mary leaves. Application of two per cent. TIBA or two per cent. IBA in 
lanolin was made: 1) as complete rings around the internodes one and 
one-half to 2 em. above the primary leaves; 2) as half-rings directly above 
one of the axillary buds; and 3) to various portions of the cut surface of 
the decapitated plants. In a second experiment with intact bean plants, 
lanolin containing two, one, or one-half per cent. of TIBA or IBA was 
applied as a ring two em. above or below the primary leaves. 

The California privet were single stem plants and had been main- 
tained under greenhouse conditions over winter. The terminal meristem 
was active, leaves were present, but all axillary buds were dormant. In all 
instances treatments were made one centimeter above or below one of the 
lowest pairs of opposite axillary buds. Leaves were present at these pairs 
of buds. A small section of the bark, approximately five mm. square, was 
removed so that the chlorenchyma tissue of the stem was exposed. Lanolin 
mixtures containing two, one, and one-half per cent. TIBA or IBA were 
applied to these exposed surfaces. 

RESULTS AND DISCUSSION. 





With intact bean plants, a complete ring 


application of two per cent. TIBA in lanolin stimulated the development 
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TABLE IV 


Errect or 2% TIBA or 2% IBA IN LANOLIN ON DEVELOPMENT OF AXILLARY BUDS OF 
PRIMARY LEAVES OF RED KIDNEY BEAN. SIXTEEN PLANTS IN EACH 
TREATMENT. DATA TAKEN 10 DAYS AFTER TREATMENT. 





NUMBER OF BUDS TOTAL ELONGATION OF 





SHOWING ELONGATION AXILLARY BUDS IN MM. 
Tanatiene TREATED Tears 
. Nor : Nor 





TIBA IBA T8£4TED mrpa TBA TREATED 


TERMINAL BUD PRESENT 
No treatment 0-0 0-0 
Lanolin rings above 

primary leaves 0-0 0-0 
TIBA ring above 

primary leaves 16-14 286-231 
TIBA }4-ring above 

primary leaves 15 11 347 103 
IBA ring above 

primary leaves 0-0 0-0 
IBA 4-ring above 

primary leaves 0 0 0 0 
TIBA ring above IBA 

ring above primary 

leaves 0-0 0-0 
IBA ring over TIBA 

ring above primary 

leaves 8-0 64—- 0 


DECAPITATED 2 CM. ABOVE 

PRIMARY LEAVES 
No Treatment 1l- 9 424-395 
Lanolin on decapitated 

surface 13-11 555-594 
TIBA on decapitated 

surface 12-11 321-364 
TIBA on 4-decapitated 

surface 16 12 734 119 
IBA on decapitated 

surface 3-6 17-38 
IBA on 4-deeapitated 

surface 4 15 12 216 
TIBA on 3-surface— 

IBA on 4 surface 16 9 659 104 
TIBA ring above 

primary leaves 16-16 707-308 
TIBA }4-ring above 

primary leaves 15 13 535 234 
IBA rinpabove 

primary leaves 1-0 5-0 
IBA }-ring above 

primary leaves 0 0 0 0 
TIBA 4-ring—IBA 3- 

ring above primary 

leaves 13 6 249 55 


of axillary buds of the primary leaves. When the ring was incomplete 
a greater stimulation of the bud below the application resulted. IBA ap- 
plied as rings to intact plants did not result in the stimulation of bud 
development. 
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With decapitated plants, a marked stimulation of the axillary bud be- 
low the treatment was obtained with applications of TIBA to half of the 
decapitated surface or as a half-ring. A similar response in the case of a 
complete ring of TIBA may have resulted from application of a greater 
quantity of the material to one side. Applications of IBA to decapitated 
plants, either to the cut surface or as rings, inhibited bud development in 
all cases. 

Application of both TIBA and IBA to the decapitated surface or as a 
ring resulted in a stimulation of only those buds below the application of 
TIBA. Buds below the IBA application showed significantly less activity 


TABLE V 


RESPONSES OF RED KIDNEY BEAN TO RINGING WITH TIBA or IBA IN LANOLIN APPLIED 
ABOVE AND BELOW THE PRIMARY LEAVES. EACH TREATMENT CONSISTED OF TEN 
PLANTS. DATA TAKEN 20 DAYS APTER TREATMENTS 


NO. OF PRI- TOTAL ELONGATION IN CM. 

MARY AXIL- _ NO. OF TRIFOLI 

TREATMENTS LARY BUDS ATE LEAVES ON 

SHOWING PRIMARY AXIL- TERMINAL PRIMARY AXIS 

ELONGATION LARY SHOOTS SHOOT 
No Treatment 8 10 612 80 
ote Lanolin 8 10 594 73 
=f 2% TIBA 19 228 106 93 
v= 1% TIBA 20 280 108 93 
2- 4% TIBA 19 193 168 91 
no «42% IBA 2 2 291 46 
&E 1%1BA 0 0 404 59 
as 4% IBA 2 2 415 57 
; Lanolin s 10 599 72 
= F3 2% TIBA 6 7 473 69 
~ = 1% TIBA 8 1] 517 72 
2s 4%TIBA 7 8 482 64 
Sp 

w= 2% IBA 2 2 374 48 
=” 1% IBA 5 5 520 55 
4% IBA 3 544 56 


than the control groups. Data taken 20 days after treatment showed that 
there was no significant change in the number of active axillary buds than 
had been noted ten days after treatment. 

The results of the second experiment (table V) not only confirm the 
stimulating effect of TIBA on growth of axillary buds, but also show that 
only applications made above the buds were effective. Applications of 
TIBA and IBA resulted in less growth of the terminal shoot. TIBA was 
more inhibitory than was IBA in this respect and application made above 
the primary leaves was more inhibitory than that made below. Plants 
treated with TIBA above the primary leaves produced more trifoliate 
leaves than did the controls, whereas IBA applied either above or below 
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the primary leaves resulted in the formation of fewer leaves on the pri- 
mary axis. 

The results with California privet show that development of axillary 
buds occurred only when application of TIBA was made above the bud. 
Two per cent. TIBA resulted in significantly more bud growth than either 
of the other concentrations (table VI). Data taken 67 days after treat- 
ment showed no significant difference in the number of stimulated buds. 


TABLE VI 


EFFECT OF VARIOUS APPLICATIONS OF TIBA AaNp IBA IN LANOLIN ON AXILLARY BUDS 
OF CALIFORNIA PRIVET. ALL BUDS DORMANT AT TIME OF TREATMENT. APPLICA- 
TIONS MADE 1 CM, ABOVE OR BELOW ONE BUD OF THE LOWEST PAIR OF LEAVES 
OF EACH PLANT. SEVEN PLANTS IN EACH TREATMENT. DATA TAKEN 
32 DAYS AFTER TREATMENT 


No. OF BUDS TOTAL ELONGA 
ELONGATING TION IN CM, 
TREATMENT 
ew sim Nor ape Nor 
PREATED cRRAeen PREATED ounanee 

No Treatment 0 0 0 0 
Lanolin 0 0 0 0 

Seca 2% TIBA 0 1 0 5.5 
a 1% TIBA 0 0 0 0 
§ " 4% TIBA 0 0 0 0 
ES 2% IBA 0 0 0 0 
a2 1% IBA ! 0 1.9 0 
4% IBA 0 0 0 0 
Lanolin 0 0 0 0 

Ec 2% TIBA 6 1 50.8 1.2 
$2 1%TIBA 2 0 22.4 0 
$s > 4% TIBA 2 0 4.2 0 
BS 2% IBA 1 0 9.2 0 

2 9.2 

aa 1% IBA 0 0 0 0 
4% IBA 0 0 0 0 


Terminal as well as the stimulated axillary shoots were in an active state 
of growth. 

The data presented showing the stimulating effect of TIBA on axillary 
bud development does not clarify the specific mechanism of bud inhibition. 
The observed anti-auxenie effects of TIBA, including the stimulatory effect 
on bud development, lend support to the explanations of bud inhibition 
based on auxin relationships. It is suggested that use of this substance, 
or similar materials, in specifically designed experiments might add to 
our understanding of bud inhibition. 


Formative and injurious effects of TIBA 


CoLeus.—High concentrations of TIBA (100 and 250 p.p.m.) used as a 
single soak for terminal cuttings, or repeated treatment with lower con- 
centrations (25 and 50 p.p.m.) resulted in severe injury to the treated 
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portion of the stem. Those cuttings which were soaked in solutions con- 
taining 100 and 250 p.p.m. TIBA had a brown-to-black discoloration at 
the completion of the soaking treatment. After 12 days in the rooting 
medium, the base of the cuttings were either almost completely rotted or 
the lower portion of the stem had partially disintegrated. Repeated soak- 
ings each fourth day resulted in an earlier appearance of these conditions. 
Representative rooted cuttings of the various treatments were potted 
and at no time were significant differences noted between the controls and 
those whose rooting was inhibited by the TIBA treatments. 
Bean.—Formative effects of TIBA reported above included shortening 








Fig. 1. Red kidney bean plants ten days after lanolin treatment of internode as 
indicated: A. pure lanolin; B. 2% IBA as one-half ring above right primary axillary 
bud; C. 2% TIBA as one-half ring above primary axillary bud on the left, showing 
abnormal leaves and stimulation of axillary shoot below TIBA applieation; D. 2% 
IBA as one-half ring on right and 2% TIBA as one-half ring on left, showing extreme 
eurvature of stem and abnormally developing leaves. 


of the internodes, production of more trifoliate leaves on the main stem 
axis, and stimulation of axillary bud activity. 

Application of lanolin mixtures of TIBA to the eut stem surface and 
along the internode did not stimulate significant callousing. In those 
treatments where both TIBA and IBA were applied, callousing and forma- 
tion of adventitious roots occurred only where the IBA was applied. 
Curvature of the stem occurred toward the side to which TIBA was applied 
(fig. 1D). The degree of curvature was greater in those treatments which 
received application of IBA. 
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Most obvious of the formative effects was the appearance of the leaf 
tissue of certain treatments (fig. 1). Leaves of treated plants were 
darker green than the controls and the veins were pronounced. The 
leaves were dwarfed, brittle, and curved inward toward the undersurface. 
Epidermal hairs were very prominent. There was a marked tendency for 
premature death and abscission of the terminal meristem as well as of 
many of the axillary buds of the trifoliate leaves. These conditions were 
more pronounced after 20 days and were developing in some of the stimu- 
lated axillary shoots. The abnormalities noted in the developing axillary 
shoots were less intense with decreased concentration of the TIBA appli- 
cation as well as when application was made above the primary leaves. 
It is quite possible that lower concentrations than were used might stimu- 
late axillary bud development without the accompanying abnormalities. 

The plants which received TIBA application below the primary leaves 
possessed less abnormal terminal growth than the plants treated above the 
leaves; however, in the former group many axillary buds of the primary 
leaves showed symptoms of death or were abscissing. It is quite obvious 
that with this herbaceous plant, the chemical application was in toxic con- 
centrations. 

CALIFORNIA PRIVET.—No formative effects of the chemical have been 
noted on either the terminal or stimulated shoots. New growth was of 
normal color and shape and neither leaf nor bud drop have been noted. 


Summary 


Inhibition of rooting of terminal stem cuttings of Coleus Blumei have 
been obtained following a 24-hour soaking in solutions containing five to 
250 p.p.m. TIBA. The degree of inhibition increased rapidly with in-- 
ereased concentration of TIBA. The inhibition of rooting gradually dis- 
appeared unless reapplication of the chemical was made. Cuttings treated 
with solutions containing TIBA followed by soaking in solutions containing 
IBA produced fewer roots than did cuttings treated with these chemicals 
in the reverse sequence. 

Stimulation of axillary bud development was obtained with red kidney 
bean and California privet, providing the applications of TIBA in lanolin 
were made above the bud. Treatments containing IBA in lanolin did not 
stimulate bud activity in privet and inhibited bud development of decapi- 
tated bean plants. 

Formative and injurious effects of TIBA noted included: 

a) CoLEus.—Injury to stem tissue subjected to solutions of TIBA con- 
taining 25 or more p.p.m. if the treatments were repeated and to a 
single treatment of 100 or more p.p.m. No formative effects noted. 

b) Bean.—Shortening of internodes and production of more trifoliate 
leaves on the main shoot when TIBA was applied above the primary 
leaves, lack of callous formation and adventitious root production by 
TIBA treated tissues, negative curvature of the stem at the point of 
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application, abnormal leaf development, and premature death and 
abscission of the apical and, in some cases, the axillary buds. 

c) CALIFORNIA PRIVET.—No formative effects resulted from treatment 
with TIBA. 


DEPARTMENT OF FLORICULTURE AND ORNAMENTAL HORTICULTURE 
CORNELL UNIVERSITY 
IrHaca, NEW YORK 
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Introduction 


it is of considerable importance to know the chemical identity of the 
naturally occurring growth hormone or auxin. However, the natural 
auxin occurs in such small amounts in the plant that chemical isolation 
is di‘ficult if not impossible. To overcome the difficulty of the low con- 
centration plant materials have been sought which contained an excep- 
tionally high auxin concentration. As such, corn oil and malt (K6a6L, 
ERXLEBEN and HAAGEeN-Smit, 6 and 7; Haacen-Smir et al., 4) or immature 
corn kernels (Avery, BerGer and SHALucHa, 2, 3) have been chosen as 
materials for isolation. From the work of vAN OverBEeEK (15) it must 
be concluded, however, that the auxin in the kernels is not involved in 
growth .of the mesocotyl and coleoptile. Whenever auxin has been ex- 
tracted from growing organs the concentration was found to be very low 
(well below 0.1 mg./kg.). With such small concentrations and with limited 
amounts of tissue only indirect methods of identification of the auxin are 
possible. 

These indirect methods include: 

1. Determination of the diffusion coefficient 

2. Determination of alkali and acid sensitivity 

3. Determination of light sensitivity. 

In the present investigation the diffusion coefficient of the auxin in the 
growing tip of tomato plants was determined, together with some addi- 
tional evidence from acid and base sensitivity. Because it is not certain 
that the free or diffusible auxin is identical with the extractable auxin, 
the diffusion coefficient of both forms was determined. After auxin was 
diffused from tomato stem tips for 90 minutes, these tips were extracted 
for one hour with ether, and both auxin sources were investigated separately. 


Materials and methods 


Throughout the investigation the San Jose Canner tomato has been 
used. 

After performing some preliminary trials to determine the age and 
temperature when the stem tips release most auxin (see below), tomato 
plants about 55 days old were chosen as the most suitable for detailed ex- 
periments. 


1 Present address: Instituto Biolégico, Sao Paulo, Brazil. This work was carried out 
while the author held a Guggenheim Fellowship. 


207 








208 PLANT PHYSIOLOGY 


Diffusion from stem tips 


Auxin was diffused from tomato stem tips by placing six tips on agar 
blocks 1.27 mm. thick and of 8x 11 mm. surface. The agar block (1.5 per 
cent. agar) was placed on a glass slide in a tray lined with moist filter paper 
and was kept at 26° C. in weak red light in the Avena room. The green 
tips were cut from the plants, and after renewal of the cut surface, placed 
upright on the agar block. Only the apical bud surrounded by young leaves 
not over five mm. long was used, the total length of the denuded stem tip 
amounting to 20 mm. 

Tomato stem tips did not prove to be an outstanding source of auxin. 
The auxin diffused amounted to only approximately 1.0 x 10-*y or 0.001 
microgram equivalents of indoleacetic acid formed per 90 minutes per tip. 


Extraction from stem tips 


All extractions of auxin reported here were made from the same or 
similar fresh stem tips with peroxide-free ether (vAN OVERBEEK, 16). 
For this the stems were chopped into pieces approximately one mm. long 
and placed in a flask covered with about 50 ml. of purified ether. The sam- 
ples were either 0.6 or 1.2 gm., according to whether 6 or 12 tips were used. 
The extraction occurred in a cold room, at approximately 2° C. for one 
hour. The ether was then decanted, evaporated to 1-2 ml. on a water bath, 
and quantitatively transferred to a vial containing 0.4 ce. of 1.5 per cent. 
molten agar. Each sample was then poured into a mold of 1.27 x 8 x 11 mm. 

In general the ether extraction of fresh tips gave results comparable 
to those of diffusion. It may be seen that about 10 micrograms equivalents 
of indoleacetic acid per kilogram fresh weight were found. Hence it 
would require 1,000 tips to isolate one microgram of auxin. 


Methods of the diffusion experiments 


Diffusion tests for determining the diffusion coefficient and the approxi- 
mate molecular weight of the auxin obtained from tomato stem tips were 
made following the general procedures of previous workers (Went, 18; 
K6eL, HAAGEN-SMit and ERXLEBEN, 8; Heyn, 5; vAN OvERBEEK, 17; Lar- 
SEN, 9, and Suir 12). 

The method provides for the diffusion of auxin through four agar blocks 
stacked one on another in such a way that the upper one contains the growth 
substance. After a certain time, at a known temperature, the blocks are 
separated and the growth hormone contents determined biologically by the 
Avena assay. The absolute amount of auxin in each agar block as deter- 
mined with the Avena test is then converted to a relative total concentra- 
tion of 10,000 in the four blocks. This enables us to match the values 
found for the four blocks with relative values, recaleulated as z, in diffusion 
tables. Such tables are based on theoretical and experimental data by, 
h? 


amongst others, STEFAN (13). They give the connection between x =4Dt 
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and the content of growth substance in the individual blocks. In this equa- 
tion h equals the thickness of each agar block in cm., ¢ is the diffusion time 
in days and D is the diffusion coefficient. The value of « may be found in 
the diffusion tables, as e.g. published by Heyn (5), from the relative amount 
of auxin as determined in each block. Thus in the equation all values, ex- 
cept D are known. Once the diffusion coefficient D is known, the molecular 


Y 


‘ — C 
weight can be determined from \/M = D’ C being a constant. 


Our experiments were carried out as follows: the agar block containing 
the diffused or extracted auxin was carefully placed on three other agar 
blocks of exactly the same size (1.27 x 8 x 11 mm., in most experiments; 1.19 
x8 x11 mm., in two experiments). Great care was taken to center the 
blocks on each other, to prevent the presence of air bubbles between them 
and to avoid excess water. After 90 minutes the four plates were separated 
from each other and the auxin content of each determined in the usual man- 
ner with the Avena test. For the 1.27 mm. thick blocks we calculate : 


0.1272 0.0644 
=e D.. = 
90 acd So 


To make our D values comparable with those of other workers using 
a different diffusion temperature, we can use the formula of Onoum (11) : 


Dt : . a ’ 
Dt = ,, in which a = 0.035, t,, and ¢ designating temperature. 
1 r@ (t, +t t) 


Sensitivity of the tomato auxin to acid and alkali 


The three acid growth substances obtained by extraction from plant 
material have different stabilities toward acid and alkali (K6eL, HAAGEN- 
Smit and ERx.LEBEN, 8). Auxin b is destroyed both by hot acid and hot 
alkali, auxin a is stable to hot acid but is destroyed by hot alkali, whereas 
indoleacetie acid is destroyed by hot acid but is stable toward hot alkali. 

Ether extracts of 10 tomato tips were prepared as previously described. 
The supernatant ether was evaporated to dryness and left overnight in 
the cold room. The residue was taken up in two ml. of distilled water. To 
one extract two ml. of 10 per cent. HCl, to another two ml. of 10 per cent. 
NaOH was added, and the third was left as control. They were then re- 
fluxed for three hours in a boiling water bath. After cooling, all three 
solutions were adjusted to pH 3.0, and shaken in a separatory funnel three 
times with 50 ml. of ether. This ether was then evaporated and trans- 
ferred to agar in the usual manner. 


The auxin determinations 


These were carried out according to the standard Avena test method 
(Went and Thimann, 1937). To increase the accuracy of the determina- 
tions the Avena plants were selected carefully as to straightness before 
applying the agar blocks. As controls, two sets of 12 plants each were 
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prepared, one receiving blocks with 25 micrograms indoleacetie acid per 
liter, the other 50 micrograms per liter. In addition, determinations of the 
total initial auxin of each diffusate or extract was also made. 


Measurement of the Avena curvatures 


Because the amount of auxin diffusing from tomato stem tips was small, 
the curvatures of the plants after partition of the auxin between the four 
blocks were often very small so that measurement of the curvatures with 
the standard protractor were inaccurate and unreproducible. Therefore 


























Fig. 1. Rotating board with ruler attached in center, used in measuring Avena 
curvatures (projected shadow picture of curved plants shown). 


another method for measurement was developed. The shadow photographs 
of the curved plants were projected at 10 times magnification on a board 
which could be rotated (see fig. 1). To this board was attached a steel 
ruler which could rotate in respect to the board. The straight base of an 
Avena coleoptile was lined up parallel to the ruler. Then the ruler was 
rotated on the board until it was parallel to the curved tip. Then the board 
was rotated until the ruler was parallel again to the base of the next plant, 
ete. In this way the individual curvatures for each set of 12 plants were 
added, and the total curvature of all plants receiving the same amount of 
auxin was measured with a protractor. 
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By enlarging the plants it became easier to measure the actual curva- 
ture, as seen by the reproducibility of the results. For instance, three 
successive measurements of curvature gave the following values: 63°/11 
plants, 62°/11, 62°/11; in another case it was 47°/12, 46° /12, 47°/12, in a 
third case it was 44° /11, 44°/11, 44°/11. This is a greater reproducibility 
than can be obtained by direct measurement of the shadow pictures. 


Experimental results 


While the main interest of these investigations has been in the charac- 
terization of the diffusion constant, it was also desired to obtain some idea of 
the optimum age and temperature for auxin production by tomato plants. 


Effects of age on auxin production 


The plants used in these experiments varied in age from seven to 54 
days. Starting with about one week old plants, having only cotyledons, 


TABLE I 


DIFFUSIBLE AUXIN PRODUCTION PER SIX TIPS PER 90 MINUTES, MEASURED IN DEGREES OF 
CURVATURE IN THE AVENA TEST, AS SHOWN BY ASSAYS ON TOMATO TIPS GROWN 
AT NORMAL GREENHOUSE TEMPERATURES 


DATES AVERAGE 
AGE - OF ALL 
6/9 6/19 6/21 6/25 6/27 7/2 EXPERIMENTS 
10 days 2.1 0.9 0.9 1.3 1.3 
15 days 5.3 5.4 1.4 2.9 3.7 
20 days 6.1 7.1 2.5 6.0 5.4 
30 days 7.8 19.8 72 11.6 
40 days 15.1 14.2 15.7 
17.9 


plant tips were collected later from seedlings two weeks old and with two 
true leaves, three weeks with four leaves, four weeks with eight leaves and 
at six weeks of age. 

The diffusion experiments were performed in the Avena room, inside 
a moist chamber. In general the tips were placed on plastic strips for 
about 90 minutes, with small individual agar blocks directly applied to 
their basal fresh cut surfaces. On the last preliminary trial, however, 
glass tubes with openings in both sides, in which the seedlings were placed 
upright, were also used. The results are summarized in table I. 

The averages have been plotted in a curve, which shows a direct rela- 
tionship between age of plant and amount of auxin produced (fig. 2.) There- 
fore in the main experiments tomato plants older than one month were used. 


Effect of temperature on auxin production 


For these experiments tomato plants were grown four per 6-inch pot, 
and placed together either outside (summer) or in a greenhouse. Two 
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Fig. 2. Relationship between age of tomato plants (abscissa) and auxin production 
of their growing points in degree curvature per tip per two hours (ordinate). 


days before measurement of their auxin production they were placed in 
darkness at the different temperatures, since it is known that tomato plants 
continue to produce auxin in darkness (WENT, 19). Table II shows some 
results from such experiments. 

It is interesting to observe that here again only the plants one month 
and older released considerable amounts of auxin. Since these studies are 
to be regarded as only preliminary and the number of tests conducted was 
very small, these results are not conclusive concerning the effect of tempera- 
ture on auxin production. It seems, however, that the temperature should 
not be higher than 22° C. 

Before reporting the main diffusion data, it is of interest to explain 


TABLE II 


DIFFUSIBLE AUXIN PRODUCTION BY TOMATO TIPS FROM PLANTS KEPT AT DIFFERENT 
TEMPERATURES, MEASURED IN DEGREES OF CURVATURE IN THE AVENA TEST 





TEMPERATURES CONTROLS 
AGE ‘ aa rie 
= 50y/1 
° 5° 99 °F 20 wy 25.4, / 
8 15 22 26 { (IAA) 25y/1 
10 days 1.8 1.0 1.0 2.5 1.3 10.0 
30 days 10.5 9.8 4.4 5.5 3.6 12.0 7.0 
54 days 9.8 9.8 7.5 6.6 8.0 12.0 7.3 
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TABLE III 
DIFFUSION EXPERIMENTS WITH PURE SYNTHETIC 3-INDOLEACETIC ACID. 
SINGLE DIFFUSIONS 








NUMBER Drowns i ee ABSOLUTE RELATIVE h? 
OF AVENA DEGREES DEGREES X= . <% 
BLOCK am 4 TESTED OF CURV. OF CURV. 4. D. t. 
[ 62/ 11 5. 636 3.338 0.0973 0.3858 : 
ul 57/12 4.750 2.813 0.0925  Meanx=—~—= 0.0064 
Til 43/12 3.583 2.122 0.1023 46 
IV 35/12 2.916 1.727 0.0937 _ 0.0644 — 3 
*~ 0.0964 — om 
Total a 16.885 10.000 0.3858 


50/1 annie x 13.3 
avi control= 6.7 


how the diffusion coefficient is calculated, on the basis of the experimental 
values. 


Illustration of the procedure 


As an example of how the diffusion coefficient is calculated two experi- 
ments (70 and 86) with synthetic indoleacetie acid will be used (tables III 
and IV). 

An agar block containing 50 micrograms indoleacetic acid per liter 
was placed on three other blocks of pure agar of the same dimensions. The 
agar block containing growth substance is marked I, and next II, the 
third III and the lowest IV. After the regular diffusion time, 90 minutes 
Ta day s), the blocks were separated, and the auxin content of each was_ 
determined by the Avena test (column 3 of tables III and IV) 

To use the tables of Kawalki, as reproduced by Heyn, the absolute eur- 
vatures (total 13.000) have to be reduced to relative values (total of 10.000), 
as done in column 4. From table I of Heyn we get then, by linear inter- 
polation, the individual values of z. The mean value of x in each experi- 


TABLE IV 


NUMBER — fro ABSOLUTE RELATIVE 
AV ENA 


OF DEGREES DEGREES x 

BLOCK C sae. TESTED OF CURV. OF CURV. 
I 51/12 4.250 3.269 0.0925 0.3948. 
II 45/12 3.750 2.885 0.1060 + Meanx=—7—= 0.0987 
III 33/12 2.750 2.115 0.1034 
IV 27/12 2.250 1.731 0.0929, _ 9.0644 _ 9 50 
*~ 0.0987 

Total 13.000 10.000 0.3948 





50y/1 control = 12.0 
25y/1 control= 6.8 








214 PLANT PHYSIOLOGY 





ment is then substituted in the equation x ; h and t being constant 


h? 
4D. t. 
and already known, we are able to calculate the diffusion coefficient and 
identify the substance. 

Since the theoretical value of the molecular weight of indoleacetic acid 
is M = 175, and the average of our two determinations of D,., is 0.660, the 
value of C in the formula \/M = 5 ean be calculated. This is Cog = Dog 
\V/M = 0.660 x 13.3 = 8.8. The value 8.8, obtained for the diffusion constant 
C at 26°., will be used from now on for calculations of the molecular weight 
of the auxin from tomato stem tips. 

Finally, in case we wish to convert our D,, values to those for 22°, in 
order to compare the results with that of previous workers, the formula of 
Oholm, already mentioned, can be used. Hence, we may express the dif- 
fusion coefficient at 22° for the experiments Nos. 70 and 86 (tables III 
and IV) as: 

Do _—_ 0.660 
~ 14+0.035x4 1.140 ~ 


which is in good agreement with the theoretical value of D.. = 0.566 as used 
by Heyn (5). 


Dy» 0.578 


TABLE V 


COMPARISON OF THE DIFFUSION COEFFICIENT DETERMINED, IN A SINGLE EXPERIMENT, 
FOR THE DIFFUSED AND EXTRACTED AUXIN OF DIFFERENT TOMATO STEM TIPS 





NUMBER DEGREES No. ABSOLUTE RELATIVE 











OF OF AVENA DEGREES DEGREE x 
BLOCK CURV. “ TESTED CURV. CURV. 
[ 38°/12 3.166 3.346 0.0979 Auxin obtained by 
II 33°/12 2.750 2.907 0.1102 diffusion 
Itl 24°/12 2.000 2.114 0.1039 0.4125 
IV 17°/11 1.545 1.633 0.1005 Mean x = ——= 0.1031 
0.127? 
D., = 4 x ——— = 0.624 
- 0.1031 
Total 9.461 10.000 0.4125 
I 48°/10 4.200 3.510 0.1107 Auxin obtained by 
II 35°/11 3.181 2.660 0.0641 extraction 
III 30°/12 2.500 2.089 0.1083 0.3758 
IV 25°/12 2.083 1.741 0.0927 Mean x= = 0.0939 
0.127? 
2 4X ane = 6.6 
Ds = 4 7 p9g9 ~ 9-684 
Total 11.964 10.000 0.3758 


50y/1 control = 11.3° 
25y/1 control= 6.5° 
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The diffusion coefficient of the diffusible and 
extractable auxin of tomato tips 


For these experiments agar blocks were used containing diffused or 
extracted auxin, prepared according to the above descriptions. The dif- 
fusion coefficient was determined as described above. Table V (experiment 
54) gives the actual data of a single experiment, and shows the calculation 
of the diffusion coefficient of the auxin from tomato tips. 

In tables VI and VII the results of all experiments have been sum- 
marized. In the experiments of table VI, the auxin was extracted from 
the same stem tips from which auxin was first diffused for 90 minutes. Since 
only little auxin was left after the period of diffusion, a second set of ex- 
periments was carried out with fresh stem tips. 


Acid and alkali treatment of auxin extracted from stem tips 


Investigations on the chemical properties of the ether extracted auxin 
from tomato tips were carried out only to a limited extent, and the data 


TABLE VIII 


ACID AND ALKALI SENSITIVITY OF THE AUXIN EXTRACTED FROM TOMATO STEM TIPS, 
PERCENTAGE OF GROWTH SUBSTANCE PRESENT AFTER BOILING FOR THREE HOURS 
WITH 5 PER CENT. NaOH, DISTILLED WATER OR 5 PER CENT. HCl 








TOMATO EXTRACT 50 y/1 25 y/1 
EXPERIMENT BOILED WITH CONTROL CONTROL 
NO. DISTILLED ; : : na) 
BASE wate ACID ORIGINAL (DEGREES) (DEGREES) 
91 100 0 100 9.7 5.5 
92 13 61 0 100 13.0 7.1 


given here relate to only two main series of preparations. The sensitivity 
to acid-base of the growth substance preparations was examined by the 
procedure described above. The results are presented in table VIII. 

The growth substance of tomato stem tips shows greater stability toward 
boiling in neutral solution (distilled water) for three hours, than toward 
treatment with hot base. The growth substance was, however, completely 
destroyed by boiling with five per cent. HCl for three hours. These experi- 
ments indicate that the growth substance from tomato stem tips may be 3- 
indoleacetie acid. 

Discussion 


The results reported in this paper cannot be more accurate than the 
test method for auxin determinations. It is therefore desirable to present 
data indicating the individual variability of the tests. In experiment 55, 
for instance, the curvatures were 10.25° + 0.76 for 50 gamma indoleacetic 
acid per liter and 5.66° + 0.63 for 25 gamma per liter, while in experiment 


58 these values were 11.50° + 0.60 and 6.75° + 0.53. If the curvatures 
obtained with 50y/1 and with 25y/1 indoleacetic acid, in tables VI and VII, 
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are averaged, it is found that there is direct proportionality between curva- 
ture and auxin concentration (12.61° for 50y/1 and 6.73° for 25y/1). 
Therefore it is likely that in all cases, even in the very low concentrations 
giving only small curvatures, the curvatures represent the actual auxin 
concentrations. This is important because many investigators have found 
no such direct proportionality. 

The diffusion rate data given in tables VI and VII show a very consist- 
ent picture for the auxin diffused from tomato stem tips. When all 12 
experiments are averaged, the x values are as closely similar for the four 
blocks as can be expected within the limits of accuracy of the Avena test. 
When the diffusion coefficient D is caleulated for each experiment, values 
ranging from 0.572 to 0.676 are found, whereas the average is 0.620 + 
0.0097. Caleulation of D from the averaged z values, yields a value of 
0.630. Substituting these values in the formula \/M = . 
lecular weight to be 201 (for D = 0.620) and 195 (for D = 0.630), using the 
value in both cases of 8.8 for C, as calculated for indoleacetic acid. 

The diffusion coefficients for the extracted auxin fall within the same 
range (0.528 and 0.688) and give a mean of 0.617 which leads to a molecu- 
lar weight of 203, which very closely parallels the molecular weight of the 
diffused auxin. There is, however, a consistent aberration in the diffusion 
data of the extracted auxin. In almost all cases the second block had too 
little auxin, resulting in an exceptionally low z value. This aberration 
is hardly noticeable in the data for the auxin diffusing from the stem tips. 

When the data are broken down into two groups, one comprising the 
auxin extracted from tips from which auxin had diffused for 90 minutes, 
and the other comprising the auxin extracted immediately after cutting of 
the tips, the aberration is more pronounced in the first group. Such an 
aberration in the x value can be explained in two ways. If two growth 
promoting substances are extracted by ether extraction, of which one dif- 
fuses at a much slower rate than the other, a low zx value will be obtained 
in the second block, and the x values in blocks, I, III and IV will drop gradu- 
ally. This is exactly what is observed. The same result could be obtained 
if the ether extract contains a growth promoting substance and an inhibitor 
which diffuses more rapidly. 

Experience with other materials has shown that inhibitors are found 
especially in ether extracts of plant material (Stewart, 14). Therefore, it 
seems likely that the aberrations are due to a growth inhibitor in the ether 
extracts, which accumulates in the tips when they are left standing on agar, 
while the auxin diffuses out. 

We can now compare our data with those obtained by other investiga- 
tors. Table IX contains the results of diffusion experiments with growth 
substances so far published in the literature and accessible to the authors. 
They have all been recalculated for a temperature of 26° C. and a C value 
of 8.8, as calculated from our diffusion data with pure indoleacetie acid. 


we find the mo- 
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It is gratifying to see that the average of Heyn’s, Larson’s and Smith’s 
data for pure indoleacetic acid lead to a molecular weight almost exactly 
right, when our conversion factor C = 8.8 is used. 

In addition to the data in table IX, there are some more determinations 
of the molecular weight of auxin diffused from other materials. Kd6at, 
HaaGeN-Smit and ErXLesen (8) calculate a molecular weight of 346 for 
the auxin from coleoptile tips of Zea Mays, and Boysen Jensen (1944) 
ealeulates M = 347 for the auxin from green stems of Vicia Faba. 

From these data it can be concluded that the growth substance obtained 
by diffusion or by extraction from tomato stem tips is mainly 3-indoleacetic 
acid, with perhaps an admixture of a small amount of an auxin of higher 
molecular weight, since our molecular weight values are significantly higher 
than those of indoleacetic acid. 

Locke, Riker and Dvuaaar (10) also concluded that the auxin from 
tomatoes was indoleacetic acid. 


Summary 


Auxin production in tomato plants was found to increase with age. The 
auxin produced in tips of one to two months old plants was collected by 
diffusion and by extraction with ether. The diffusion coefficient of this 
auxin was determined. The molecular weight calculated from all diffusion 
coefficients of diffused auxin was 201 + 6, that of extracted auxin was 203. 
This is close to the molecular weight of indoleacetie acid (175) but signifi- 
cantly higher. A few acid and alkali sensitivity determinations of the 
extracted auxin correspond with the behavior of indoleacetie acid. 
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Introduction 


In a number of previous investigations, the rate of photosynthesis has 
been measured in plants exposed to constant environmental conditions but 
the duration of the light period has always been relatively short, often 
fractions of natural day lengths. Most of the information relative to the 
effect of the duration of the light period upon photosynthesis has been 
gained from experiments conducted by investigators primarily interested 
in some other aspect of the process and in which they exposed plants fo 
day lengths corresponding to the natural day or to light periods of only 
several hours duration. Interpretations of the data thus obtained have 
led to the general conception that even when all external environmental 
conditions are maintained constant and favorable to a high rate of photo- 
synthesis, some internal factor might become limiting with time, resulting 
in a decline in rate. 

It has been known for a long time that variations in temperature, light 
intensity, partial pressure of carbon dioxide in the atmosphere, and soil 
water supply have marked effects upon the rate of photosynthesis in land 
plants. Contrary to earlier beliefs it is now common knowledge that there 
is no specific optimal value for each of these factors. An ‘‘optimum’’ 
temperature at one light intensity, for example, may be suboptimal at 
another light intensity. All of these factors are so closely interrelated 
that the effects of one cannot be evaluated independently but due con- 
sideration must be given to all of the other factors in a final analysis of 
the data. 

At either high temperatures or high light intensities inhibition in the 
rate of photosynthesis appears in a very short time. For that matter 
almost any factor, if present in excess, will become inhibitory. In previous 
investigations values for both temperature and light intensity have been 
found at which no inhibition in the rate of photosynthesis occurred within 
the periods of measurement, which varied in length from a few minutes 
to the natural daylight period. The fact that no decrease in the rate of 
photosynthesis occurred during such periods of investigation does not 
eliminate the possibility that a longer exposure to those same conditions 
might result in a gradual diminution in the rate of photosynthesis. Con- 
versely more inhibition under a given set of conditions in a given period 
of time does not necessarily mean that inhibition will result under all 
conditions even if the time of exposure is lengthened. 
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No previous attempt has been made to ascertain experimentally how 
much longer the initial rate of photosynthesis could be maintained if a set 
of environmental conditions which did not result in inhibition within the 
natural daylight period, were maintained constant for a long period of time. 

It was the purpose of this investigation to make ‘‘around the clock’’ 
measurements of the rate of photosynthesis over periods of some days’ 
duration in apple leaves subjected to continuous illumination under con- 
trolled and favorable environmental conditions. The principal objective 
was to get an indication of the maximum length of time that photosynthesis 
could be maintained in an apple leaf if light were a continuous factor and 
all other factors were both adequate and constant. It was also hoped that 
this experimental procedure would yield information which would aid in an 
evaluation of the time-factor effect. 


Review of the literature 


Fairly complete reviews of the literature on the subject of photosynthesis 
have been made by Stites (23), SporHr (22), Mituter (15), Duaear (7), 
and more recently by Rapinowircu (19). Suiruey (21) has reviewed the 
investigations of the effect of light upon photosynthesis. In this paper 
only the literature which is directly related to this investigation will be 
discussed. 

BLACKMAN and MarruHagr (3) in a summation of the principles set 
forth by BLACKMAN (2) state that, ‘‘at moderate temperatures a leaf can 
maintain its assimilation at the maximal value continuously for a consider- 
able time.’’? They further state that, ‘‘the decline in the rate of photo- 
synthesis from the initial value increases in magnitude with the higher 
temperatures.’’ They conclude that, ‘‘these phenomena necessitate the- 
introduction of a ‘time factor’ into assimilation values at high tempera- 
tures.”’ They found that when a leaf was exposed to diffuse daylight only 
and if the temperature was low the rate of photosynthesis remained uniform 
in the varying light throughout the day until sunset. 

As the above experiments were conducted under natural day lengths 
and not continuous illumination it is impossible to evaluate the expression 
‘*for a considerable time.’’ 

KostycHEv, TSCHENOKOV and Bazyrina (11) have shown that in 
certain species of plants in the Arctic region photosynthesis continues 
throughout the 24-hour day. The rate of photosynthesis in the Arctic 
plants investigated fluctuated through a daily cycle with the minimum 
occurring around midnight and the maximum around noon. These fluctu- 
ations could be correlated vith similar fluctuations in temperature and 
light intensity. 


MULuer (17) states that on the basis of data which he presents showing 
the effect of temperature and light intensity on the rate of apparent photo- 
synthesis in Chamaenerium latifolium and in view of the fact that the 
light intensity at midnight in the first half of July in Godhaven, West 
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Greenland is about 450 lux it is certain that during this period photo- 
synthesis occurs throughout the 24-hour day. 

MircHeLL (16) made measurements of the rate of photosynthesis in 
attached leaves of several species of plants exposed to 12 hours of illumin- 
ation at constant intensity daily and a temperature of 24.5-25.5° C. Hourly 
measurements were made over periods of three to eight hours for intervals 
varying from two to fourteen days. Data obtained from the experiments 
with tomato leaves show that the amounts of carbon dioxide utilized varied 
only slightly frem hour to hour during a given period of illumination. 

MEYER and ANDERSON (14) in a discussion of the effects of the duration 
of the light period upon photosynthesis state that ‘‘even if all external 
conditions remain favorable the amount of photosynthesis in a 12-hour 
light period will usually not be twice that in a six-hour period, because of 
certain internal factors which often become limiting after the process has 
been in progress for several hours.’’ 

MeYERs and Burr (18) present families of curves showing changes in 
the rate of photosynthesis in Chlorella as a function of both intensity and 
duration of illumination. At 1000 foot candles they found the rate of 
photosynthesis to be constant and no inhibition occurred after 30 minutes 
of illumination. At 4000 foot candles inhibition occurred after 20 minutes 
causing a gradual reduction of photosynthesis to a final rate lower than 
that at 1000 foot candles. As the intensity was increased inhibition oc- 
curred sooner and was of greater magnitude. All of their data ‘‘are con- 
sistent with the view that with increasing intensities photosynthesis is 
progressively inhibited while photoxidation is progressively increased at a 
much lower rate.’’ The inhibition in rate of photosynthesis is considered to 
be ‘‘a destruction of some factor in the photosynthetic mechanism. The 
factor is reduced to a concentration at which it is maintained at a steady 
rate for any given light intensity.’’ 

KRAMER and Decker (12) state that ‘‘in preliminary experiments at 
30° C the rate of photosynthesis in oaks began to decrease rapidly after 
five or six hours at a high light intensity.’’ 

Decker (5) found that in preliminary measurements of the rate of 
photosynthesis in red and loblolly pines at temperatures of 20°, 30°, and 
40° C the rate remained unchanged for at least six hours at a light intensity 
of 4500 foot candles. 

RaBinowiTcH (19) points out that while the ascending parts of the 
light curves of shade plants and sun plants are ‘‘independent of the 
duration of illumination the parts of these curves corresponding to satur- 
ating light intensities, often are time-dependent.’’ ‘‘In ‘shade plants’, a 
decline in the rate of photosynthesis at high light intensities cannot be 
avoided even in rapid experiments; if the illumination is extended, a 
complete inhibition may ensue and the plants may suffer an irreversible 
light injury, or even death by ‘sunstroke’, In typical ‘sun plants’, on the 
other hand, a rapid determination may lead to light curves with a com- 
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pletely flat ‘saturation plateau’ extending far beyond saturating light 
intensity; however a sufficiently prolonged and intense illumination is 
bound to produce a gradual inhibition in these plants as well.’’ 


Materials and methods 


The method used in this investigation to measure the rate of apparent 
photosynthesis is a modification of that employed by HericKe and Horr- 
MAN (10). The apparatus is diagrammed in figure 1. It consists of a 
temperature control cabinet (H), two leaf cups (D), a tank of compressed 
air (1), two sets of control valves for regulating air flow (J), three Sargent 
Wet Test Meters (F), four absorption towers (K), four reservoir flasks (L), 
a vacuum pump, and an overhead source of distilled water for washing 
down the towers. Where a unit is duplicated in the apparatus only one is 
represented in the diagram. Several features used by Decker (5) were 
employed in the construction of the apparatus used in this investigation. 

The cabinet used to maintain constant environment was approximately 
4x4x4 feet. The sidewalls of the cabinet were insulated with a three-inch 
layer of rock wool. The bottom and top, except for the area occupied by 
the lights, were also insulated with a three-inch layer of glass wool. 

Temperature control was maintained by means of a cooling unit in the 
cabinet connected to a General Electric refrigerant condensing unit 
mounted beneath the cabinet, and a high resistance wire heating unit 
connected to thermo-regulators. Record of the temperature was kept by a 
hygrothermograph and a minimum-maximum thermometer inside the cab- 
inet. Temperature was maintained at 25° C + 1.5° C. Leaf temperature 
was measured by means of a copper-constantan thermocouple and was found 
to be within 0.5° C of the prevailing temperature in the cabinet. 

Illumination was provided by nine General Electric Mazda 300 Watt 
reflector flood lamps (C), suspended from a tubular framework mounted 
on top of the cabinet (G). Each light socket was equipped with a ball 
joint (B) and fastened to the framework by means of a U-strap with wing 
nuts on each side (A). This made it possible to move the lamps in a hori- 
zontal direction along the pipes, or focus them through a circle of 360°. 
By varying the number and wattage of the lamps, or by using spot lamps 
instead of flood lamps, any desired light intensity up to 10,000 foot candles 
could be obtained. The amount of infrared radiation which entered the 
cabinet was reduced by filtering the light through a 2} inch layer of cold 
water flowing through a water bath (E). A continuous record of light 
intensity was kept by means of a pyreheliometer placed in the cabinet and 
connected to a Micromax recorder. The intensity of light falling on the 
leaves attached to the leaf cups was measured by a Weston Illumination 
Meter. 

General ventilation was provided by air flowing into the cabinet from 
the compressed air line at the rate of 100 liters per minute. This rate of 
flow caused a replacement of air in the cabinet approximately every 20 
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minutes and was sufficient to supply at least 2.5 liters of fresh air per square 
centimeter of leaf surface per hour. Because of the usual fluctuations in 
CO, content of the atmosphere, it was desirable in later experiments to 
work with a source of air in which the CO, content of the air passing 
through the leaf cups could be maintained constant. An air stream with 
nearly constant CO, content was provided by means of a tank of compressed 
air. The CO, contents of two tanks of compressed air are rarely the same, 
but during the period in which the air from one tank was being used, a 
nearly constant value for the CO, content was obtained. A tank of com- 
pressed air at 2,000 pounds pressure contains approximately 200 cubic 
feet of air and this lasts, with the rate of flow used in these experiments, 
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Fig. 1. Diagram of the apparatus used to measure the rate of apparent photo- 
synthesis and to maintain the controlled environment. The lettered parts are described 
in the text. 


for about 40 hours. At the end of 40 hours the empty tank was replaced 
by a full tank and the measurements continued. This procedure was fol 
lowed for as long as it was desired to make continuous measurements. 

It was found by ScHNEIDER and CuriLpers (20) that changes in water 
content of the soil have a marked effect upon the rate of photosynthesis. 
It is therefore necessary in any studies of this type to maintain soil moisture 
as constant as possible. The soil in the pots was kept continually moist by 
means of a constant watering device. The pot containing the experimental 
plant was placed in a large pan equipped with an inlet tube connected to a 
water supply, and the water was maintained at a height of one inch above 
the base of the pot. No attempt was made to control the relative humidity, 
as it has been shown by McAuister (13) and Mircuenyt (16) that ordinary 
fluctuations in relative humidity have no apparent effect upon the rate of 








eM ine yew 





f 


t 
: 





—— 


BOHNING: PHOTOSYNTHESIS IN APPLE LEAVES 227 


photosynthesis in certain species of plants. Therefore, it was felt that 
fluctuations in relative humidity would have no appreciable effect upon 
the rate of photosynthesis in full-grown apple leaves since during the course 
of these experiments the relative humidity within the cabinet remained 
within the range of 40-60 per cent. 

The procedure used in making the actual measurements of photo- 
synthesis was as follows. One apple tree was placed in the temperature 
control cabinet at 7 p.m. of the evening previous to the date when the 
measurements were to begin. At 7 a.m. the following morning the leaf eup 


| 








Fig. 2. The leaf cup arrangement as used in this investigation. The leaf cup is 
attached to the leaf in the following manner. A layer of grafting wax is placed on the 
rubber gasket (B). The leaf is then laid in position and pressed firmly against the 
grafting wax making an air-tight seal. The three-arm aluminum ring (A) is then laid 
over the leaf and the T-clips (C) of each spring placed in the slot in each arm. 
assembly of the leaf cup is shown in (D). 


Final 
The entire assemblage was supported in 
position by means of a support stand and suitable clamps so that the leaf was in a 
horizontal position. 


was attached to the leaf. This was done by first placing a layer of grafting 
wax on the rubber gasket and then pressing the leaf firmly against the wax. 
The leaf cup was held in place by means of a clamp attached to a support 
stand as the leaf could not bear the weight of the cup. The leaf was held 
against the grafting wax seal by a three-arm aluminum ring, attached 
by springs to a similar ring below the leaf cup. This method of holding 
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the leaf in place obviated the danger of compressing the veins, as the 
tension on the leaf could be regulated by changes in the position of the ring 
below the leaf cup. As an added precaution against undue compression 
a slot had been previously cut in the rubber gasket to receive the midvein. 
The leaf cup arrangement is shown in figure 2. 

The absorbent flasks containing 200 ml. of approximately 0.1IN NaOH 
were put in place and all connections checked to insure no leaks. At 8 a.m. 
the lights in the cabinet were turned on and measurements begun. The 
air from the tank of compressed air flowed into a manifold with four 
outlets, three of which were equipped with needle valves to control the rate 
of flow to each of the two leaf cups and the check. The fourth outlet was 
connected to a glass tube which dipped 1 em. below the surface of water in 
a reservoir. This simple device acted as a safety valve so that the pressure 
in the line never exceeded 1 cm. of water. The air entering the manifold 
was thus broken up into three streams; one serving as the check and the 
other two flowing through each of the two leaf cups. The air was metered 
through a Sargent Wet Test Meter in each line. The meters were read at the 
end of each run to ascertain the actual amount of air which passed over the 
leaves and through the check meter. The air passed from each gas meter 
to an absorption tower in each line. 

THomas (24) shows that within the range of air flow used in this 
investigation the absorbent in an absorber similar to that deseribed by 
Heinicke and Hoffman is 97-100 per cent. efficient. Preliminary tests were 
made to measure the efficiency of the absorbent under the conditions pre- 
vailing in this experiment. It was found by connecting two towers in 
series that all of the CO, was removed in the first tower. 

The towers were Pyrex glass tubes 35 mm. OD and 150 em. long, 
sealed at the base to a Buchner funnel of the same diameter containing a 
sintered glass disc having uniform pores of 40 microns which served to 
break the air stream up into very small bubbles. The air then passed 
from each absorption tower into another manifold with three inlets, each 
equipped with a needle valve. The manifold was connected through the 
single outlet to a vacuum pump which was used to raise the absorbent 
solution in the towers. The rate of air flow from the tank was adjusted to 
slightly exceed the rate of exhaustion of air through the absorption towers 
by the vacuum pump. To prevent any excessive building up of pressure 
which would break the seal around the leaves the safety valve, previously 
mentioned, was installed in the line. 

At the end of each run the vacuum pump and the air pressure were 
turned off and the solution allowed to drain from the towers back into 
the absorbent flasks. These flasks were 500 ml. volumetric flasks with an 
expanded neck of the type used in beet sugar industry and eliminated the 
need of transferring the solution from an absorbent flask to a volumetric 
flask at the end of the measurements. The meters were read, after which 
the towers were washed down with distilled water from the overhead 
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source. The distilled water entered a manifold on the side of the rack 
containing the bank of absorption towers. Each outlet of this manifold 
was connected by means of a short piece of Tygon tubing to a glass tube 
which ran to the top of the rack and connected by means of a short piece 
of rubber tubing to a glass tube protruding at the top of each absorption 
tower through a two-hole rubber stopper. The tube which entered the 
absorption tower had a bulb at the lower end with small holes around the 
circumference which served to spray the water in small streams over the 
towers, washing their walls as it flowed down the sides. A similar method 
of washing the towers is described in more detail by CHmprrs, et al. (4). 
After washing down the towers the flasks were removed and 10 ml. of 
saturated BaCl, solution added to each flask. The flasks were then filled 
to mark with distilled water from the same source as used in washing down 
the towers, tightly stoppered, and shaken. After the precipitate had 
settled, a 100 ml. aliquot of the supernatant liquid was titrated with 
standard hydrochloric acid of approximately 0.1N, using phenolphthalein 
as the indicator. Calculation of the amount of CO, absorbed was then 
made according to the method outlined by Hernicke and Horrman (10). 
Two year old Yellow Transparent apple trees growing in 12-inch clay 
pots were used in these experiments. At the time of planting, the nursery 
stock was cut back to 10 inches above the surface of the soil, and the root 
systems were pruned. Three vigorous shoots were allowed to develop 
from the stub of the scion. The trees grew in the greenhouse from the date 
of transplanting, April 16, 1947, until they were placed out-of-doors on 
May 5, 1947. When it was time to make the measurements a vigorous 
tree was selected and placed in the cabinet as outlined under Methods. 
All measurements were made on fully expanded, attached leaves. 


Results and discussion 
EXPERIMENT 1 


In experiment 1 a leaf of the Yellow Transparent apple tree was exposed 
to continuous illumination of approximately 5800 foot candles from 8 
o’clock in the morning of June 26, 1947 until noon of July 13, 1947. The 
light intensity which was 6000 foot candles at the start of the experiment 
had decreased to 5600 by the end of the experiment. Continuous measure- 
ments of the rate of apparent photosynthesis in the fully expanded attached 
leaf were made during successive four-hour periods from the start of the 
experiment until 4 p.m. on July 2. During the period from 4 p.m. July 2 
until 8 a.m. July 9 no measurements were made. During this period the 
plant remained exposed to the continuous illumination, air flow remained 
constant, and distilled water was substituted for the sodium hydroxide in 
the absorption towers. At 8 a.m. on July 9 measurements were resumed 
for successive four-hour periods until the termination of the experiment 
at noon July 13. The rate of photosynthesis was also measured in a dupli- 
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cate leaf but the Wet Test meter was subsequently found to be defective, 
and these data were discarded. The results of experiment 1 are pre- 
sented in figure 3. The rate of apparent photosynthesis is expressed in 
terms of the number of milligrams of carbon dioxide utilized per square 
decimeter of leaf surface per hour. The rates of photosynthesis in apple 
leaves obtained in this and subsequent experiments are of the same order of 
magnitude as those reported by other investigators (HEINICKE and Horr- 
MAN, 10, and ScHNEmEeR and Cuipers, 20). The carbon dioxide con- 
centration of the air before passing over the leaf expressed as milligrams 
per liter is also shown for each corresponding period for which the rate of 
apparent photosynthesis was measured. All volumes of air used in the 
calculations were corrected to 20° C and 760 mm Hg. 
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Fig. 3. Rate of apparent photosynthesis in an individual leaf of apple exposed to 
continuous illumination of 5800 foot candles. 


The rate of apparent photosynthesis was found to fluctuate through a 
daily cycle with the maximum rate occurring during the early morning 
hours and the minimum rate occurring during the mid-afternoon hours. 
The fluctuation in rate of apparent photosynthesis can be correlated with a 
similar fluctuation in the carbon dioxide concentration of the atmosphere. 
This correlation demonstrates the limiting effect of the carbon dioxide 
concentration of the atmosphere upon the rate of photosynthesis under the 
conditions of this investigation. Regardless of the amplitude of the fluctua- 
tions it is apparent from the data that during the first six days of exposure 
to continuous illumination there is no downward trend. During the period 
of 14 to 17 days exposure to continuous illumination a definite decline in the 
mean rate of apparent photosynthesis occurred while the mean carbon dioxide 
concentration remained approximately the same as during the first six days. 

The rates of apparent photosynthesis calculated from each of the six 
successive four-hour measurements during each 24-hour period of exposure 
to continuous illumination are averaged to obtain an average hourly rate 
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of photosynthesis per day. A similar average is made of the values for 
the carbon dioxide concentration of the air (fig. 4). 

The average hourly rate of apparent photosynthesis per day remained 
fairly uniform during the first six days. The variation from the average 
was 8.1 per cent. and the maximum variation was only 12.6 per cent. Small 
fluctuations which did occur can mostly be attributed to similar fluctuations 
in the carbon dioxide concentration of the air. During the 14th to 17th 
days of exposure to continuous illumination the rate of apparent photo- 
synthesis again remained fairly uniform but the mean value was 38.6 
per cent. lower than during the first six days of exposure whereas the mean 
earbon dioxide concentration of the atmosphere had decreased only five 
per cent. 

When the leaves were examined at the end of 18 days exposure to 
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Fig. 4. The average hourly rate of apparent photosynthesis per day in an individual 
apple leaf exposed to continuous illumination of 5800 foot candles. Each point is the 
average of six 4-hour measurements. 


continuous illumination of 5800 foot candles it was found that marked 
bleaching of the chlorophyll had occurred. The portion of the leaf which 
was shaded by the three-arm aluminum ring was still dark green. Some 
necrotic areas were present where the leaf was in contact with the grafting 
wax. The decline in rate of apparent photosynthesis can probably be 
attributed to the reduced chlorophyll content of the leaf. 


{XPERIMENT 2 

Because of the bleaching of the chlorophyll occurring in the leaves 
exposed to continuous illumination of 5800 foot candles a lower light 
intensity of 3200 foot candles was used in experiment 2. This is well above 
the saturation light intensity for apple, which according to HEINICKE and 
HorrMan (10) is 1500 foot candles and according to ALLMENDINGER, et al. 
(1) is 1200-1400 foot candles under favorable outdoor conditions. The 
results of experiment 2 are presented in figure 5. 

The lower values for apparent photosynthesis obtained in this experi- 
ment, as compared with the preceding experiment, cannot be attributed to 
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Fie. 5. Rate of apparent photosynthesis in leaves of apple exposed to continuous 
illumination of 3200 foot candles. Each point is the average of two leaves. 


the limiting effect of light but are probably due to usual differences in rate 
occurring in different leaves on the same tree or may be due to a decrease 
in the efficiency of the photosynthetic mechanism accompanying an increase 
in age. 

The procedure used in making the measurements was the same as in 
experiment 1. The plants were exposed to continuous illumination from 
8 am. August 3, 1947 until noon August 20, 1947. Actual measurements 
were made during the periods from 8 a.m. August 3 until 8 a.m. August 8, 
and from noon August 17 until noon August 20. 

As in experiment 1 a daily cycle in the rate of apparent photosynthesis 
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oceurred which can be correlated with a similar periodicity in the carbon 
dioxide concentration of the atmosphere. There was no downward trend, 
however, as occurred during the 18 days exposure to 5800 foot candles. 
Data showing the average hourly rate of apparent photosynthesis per day 
in the apple leaves exposed to 3200 foot candles are presented in figure 6. 

As in experiment 1 it is apparent that the average hourly rate per day 
remained fairly uniform. There was an increase of 30.4 per cent. in the 
mean rate of photosynthesis in the 14-17 day period over that of the mean 
rate in the 1-5 day period. This can be correlated with an increase of 14.2 
per cent. in the mean carbon dioxide concentration of the atmosphere. Data 
of Decker (6) indicate that in certain species of pine and hardwoods an 
increase of one per cent. in the carbon dioxide concentration of the atmos- 
phere will bring about an increase of approximately three per cent. in the 
rate of apparent photosynthesis. 

In this investigation it was found that in apple leaves exposed to con- 
tinuous illumination an increase of one per cent. in the carbon dioxide con- 
centration of the atmosphere was followed by an increase of approximately 
two per cent. in the rate of apparent photosynthesis during the first few 
days of exposure. As the length of exposure was increased the relationship 
was in the order of 1-1. In later experiments in which apple trees that had 
developed in the greenhouse under conditions of low light intensity were 
used, a negative relationship was found, that is, the rate of apparent photo- 
synthesis was decreasing at a time when a marked increase in the concen- 
tration of carbon dioxide was occurring. 

Only slight bleaching of the chlorophyll occurred in the leaves exposed 
to continuous illumination of 3200 foot candles. 


EXPERIMENT 3 

Because of the daily fluctuations in the concentration of carbon dioxide 
in the atmosphere, experiment 3 and all subsequent experiments were 
conducted using tanks of compressed air to provide an air stream having 
a constant carbon dioxide concentration. Light intensity in this experi- 
ment was 5200 foot candles. The measurements were made continuously 
for each successive four-hour period from noon on September 3, 1947 
until noon on September 11, 1947. The results of experiment 3 are pre- 
sented in figure 7. 

When all external environmental conditions are maintained constant 
it is apparent from the data that marked fluctuations in the rate of apparent 
photosynthesis do not occur. The rate of apparent photosynthesis re- 
mained fairly uniform during the three days exposure to continuous illu- 
mination. On the second day a new tank of air having a slightly higher 
carbon dioxide concentration than the first was placed in the line and the 


mean rate of apparent photosynthesis was found to show a corresponding 
increase. 
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Fie. 7. Rate of apparent photosynthesis in apple leaves exposed to continuous 
illumination of 5200 foot candles. 


EXPERIMENT 4 


The apple trees used in the first three experiments were left out-of- 
doors at all times except when they were actually being used in experi- 
ments. On January 17, 1948 five of the trees were brought into the 
greenhouse, repotted, cut back, and allowed to develop as described pre- 
viously. The leaves developed under the conditions of low light intensity 
prevailing in the greenhouse during the winter months and presumably 
had the physiological characteristics of shade leaves. Hereinafter the 
leaves used in all previous experiments will be referred to as ‘‘sun”’ leaves 
and those used in this experiment will be referred to as ‘‘shade’’ leaves. 
The rate of apparent photosynthesis was measured in the ‘‘shade’’ leaves 
exposed to continuous illumination of 3800 foot candles. The results of 
experiment 4 are presented in figure 8. 
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Fig. 8. Rate of apparent photosynthesis in ‘‘shade’’ leaves of apple exposed to 
continuous illumination of 3800 foot candles. Each point is the average of two leaves. 
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It is apparent from the data that in the ‘‘shade’’ leaves exposed to con- 
tinuous illumination of only 3800 foot candles there is a marked initial 
falling off in the rate of apparent photosynthesis which did not occur in 
the ‘‘sun’’ leaves at 5800 foot candles. The average hourly rate of ap- 
parent photosynthesis per day for those days on which the carbon dioxide 
concentration of the compressed air was very nearly the same was caleulated 
from the data in figure 8 and are presented in figure 9. 

The rate of photosynthesis decreased to a minimum value by the second 
day and then levelled off, remaining fairly uniform until the tenth day. On 
the tenth day the rate again began a gradual falling off and had fallen to zero 
in one leaf by the eighteenth day. At the end of the experiment the leaves 
were examined and it was found that marked bleaching had occurred. 
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Fie. 9. The average hourly rate of apparent photosynthesis per day in ‘‘shade’’ 
leaves of apple exposed to continuous illumination of 3800 foot candles. Each point is 
the average of eight six-hour measurements. 


Necrotie areas were also beginning to appear in the bleached regions. Pro- 
nounced necrosis was also evident where the leaves were in contact with the 
grafting wax. 

In this investigation all external environmental factors which have been 
shown to have a pronounced effect upon the rate of photosynthesis were 
maintained constant at values conducive to a usual rate of photosynthesis 
in apple leaves. The possibility of variations in any of the external factors 
which would cause fluctuations in the rate was thereby removed. When 
a constant rate of photosynthesis obtains under constant environmental 
conditions no explanation seems necessary. It is only when the rate of 
photosynthesis declines, rises, or periodically fluctuates when environ- 


mental conditions are constant, that an interpretation of the data may lead 
to a possible explanation of the cause or causes of such phenomena. 
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The constant environmental conditions maintained in this investigation 
preclude any external factor from varying in such a way as to cause a 
decline in the rate of photosynthesis. These same conditions however may 
directly or indirectly affect some internal factor which could exert a limit- 
ing effect upon the rate of photosynthesis. 

A number of internal factors may account for the decrease in rate of 
photosynthesis observed in the ‘‘sun’’ leaves by the fourteenth day of con- 
tinuous exposure to a light intensity of 5800 foot candles. One possibility 
is that an accumulation of the end products of the photosynthetic reaction 
may have caused the falling off. Satisfactory evidence on this point how- 
ever is not available. As is apparent from the review of the literature on 
the subject presented by RaprnowircH (19), some investigators report that 
the accumulation of the end products of photosynthesis may exert an in- 
hibitory effect, others, no effect, and still others, an accelerating effect. 

The possibility that an accumulation of the end products might result 
in an increase in the rate of respiration thereby resulting in a decrease in 
the rate of apparent photosynthesis cannot be ignored. However, in this 
investigation the leaves remained attached to the stem and the products 
of photosynthesis were probably for the most part translocated to the 
rapidly growing stem tip and consumed in respiration and assimilation. 
The accumulation of end products is, therefore, not considered to have 
occurred because translocation of the end products of photosynthesis from 
the leaves had not been restricted. 

MEYER AND ANDERSON (14) point out that a decrease in photosynthesis 
may be brought about by a reduction in the water content of leaves because 
it may cause either a ‘‘decrease in the diffusive capacity of the stomates”’ 
or a ‘‘reduction in the hydration of the chloroplasts and other parts of the 
protoplasm. ”’ 

In these experiments the plants were watered by means of a constant 
watering device to minimize the possibility of an internal water deficit. 
Wilting was not observed in any of the leaves on the plants so it is very 
unlikely that the water content of the leaves ever became reduced enough 
to have any appreciable effect upon the rate of photosynthesis. 

RaBinow!TcH (19) suggests that the inactivation of photosynthesis by 
intense light can be attributed to a photoxidation of one of the enzymes in 
the photosynthetic mechanism. In strong light the destruction of the en- 
zyme may result in a complete cessation of photosynthesis. In moderate 
light the inhibition may remain incomplete because the enzyme is con- 
tinuously restored by the organism, so that after some time, an equilibrium 
may be reached between the rate of its destruction by photoxidation and 
of its restoration by metabolic processes. The rate of photosynthesis may 
then remain uniform at a rate corresponding to the stationary concentra- 
tion of the enzyme. 

MYERS AND Burr (18) consider that the first few minutes of illumina- 
tion in which the rate of photosynthesis decreases to a constant final value, 
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‘ 


represents the photoxidation of one of the ‘‘ photosynthetic enzymes’’ to 
a concentration at which it is maintained at a steady rate for any given 
light intensity. A further discussion of this paper may be found in the 
section containing a review of the literature. 

As the ‘‘sun’’ leaves had developed out-of-doors under conditions of 
high light intensity it is possible that an equilibrium had been reached 
between the destruction and formation of the ‘‘ photosynthetic enzyme’’ for 
the light intensity to which they were exposed during the experimentation. 
This would account for the failure of a decline in rate of photosynthesis 
to appear in the ‘‘sun’’ leaves during the first few days of exposure to 
continuous illumination. 

The diminution in rate of photosynthesis in the ‘‘sun’’ leaves is probably 
more closely associated with the decreased chlorophyl! content of the leaves, 
resulting from bleaching of the chlorophyll, than with any other single 
factor. 

An explanation of the initial decrease in rate of apparent photosynthesis 
observed in the ‘‘shade’’ leaves followed by a secondary decline beginning 
on the tenth day of exposure to continuous illumination of 3800 foot candles 
involves a consideration of the same internal factors discussed in connection 
with the ‘‘sun’’ leaves. 

The accumulation of the end products is not considered to have occurred 
for two reasons. First, translocaton had not been restricted and second, 
it does not seem plausible that in the ‘‘shade’’ leaves there would be an 
initial accumulation followed by a second accumulation 10 days later. 

Wilting was not observed in any of the ‘‘shade’’ leaves so the effect of 
an internal water deficit does not seem to warrant further consideration, 
having been discussed previously in connection with the ‘‘sun’’ leaves. ; 

The light intensity to which the ‘‘shade’’ leaves were exposed was only 
3800 foot candles and would not be considered intense light. It is possible, 
however, that prolonged continuous exposure of ‘‘shade’’ leaves to such a 
light intensity, which was somewhat higher than that under which they 
developed, will have the same effect as a shorter exposure to intense light. 
Photoxidation of one of the ‘‘photosynthetic enzymes’’ therefore might 
well be the underlying cause for the initial reduction in the rate of photo- 
synthesis in the ‘‘shade’’ leaves. ; 

The secondary decline in rate of photosynthesis in the ‘‘shade’’ leaves 
following the tenth day of exposure to continuous illumination of 3800 
foot candles is probably the result of the decreased chlorophyll content of 
the leaves, resulting from bleaching of the leaves and the appearance of 
necrotic areas. 

The differences in results obtained with ‘‘shade’’ leaves and ‘‘sun”’ 
leaves indicate that the previous history of the leaves and the light intensity 
used in the investigation are both important in determining the length of 
time that the initial rate of photosynthesis can be maintained. Similar 
results were obtained by Harper (8) who found that the shape of the 
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photosynthetic curve for Fontinalis sp. was dependent upon the ratio of the 
light intensity under which the plants had grown previous to the investiga- 


tion to the light intensity to which they were exposed during the in- 
vestigation. 


Summary 


Continuous measurements were made of the rate of apparent photo- 
synthesis in fully expanded attached leaves of apple exposed to continuous 
illumination over periods of three to 18 days. 

The intensity of the continuous illumination was maintained constant 
for any one experiment. In some of the experiments the leaves were ex- 
posed to the usual atmospheric fluctuations in carbon dioxide and in others 
the carbon dioxide concentration of the air actually passing through the 
leaf cups was maintained constant. Temperature was maintained at 26° C 
48". 

When the leaves were exposed to the usual atmospheric fluctuations in 
carbon dioxide a daily cycle in the rate of apparent photosynthesis was 
found to occur, which could be correlated with a similar fluctuation in the 
carbon dioxide concentration of the atmosphere. The cyclic variation in 
rate of apparent photosynthesis did not occur when tanks of compressed 
air, in which the carbon dioxide concentration was nearly constant, were 
used. 

In ‘‘sun’’ leaves of apple the rate of apparent photosynthesis was fairly 
uniform for at least 18 days under continuous illumination of 3200 foot 
candles. At a light intensity of 5800 foot candles the rate had decreased 
about 40 per cent. by the fourteenth day. 

In ‘‘shade’”’ leaves of apple exposed to continuous illumination of 3800 
foot candles a sharp initial decline in the rate of apparent photosynthesis oe- 
curred, reaching a minimum value by the second day. This value was main- 
tained until the tenth day. Following the tenth day a further steady falling 
off in rate set in approaching almost a zero value by the twentieth day. 

Bleaching of the chlorophyll was apparent at all light intensities but 
was most pronounced at the high intensities. 

A possible explanation of the cause of the decrease in rate of photo- 
synthesis observed in some of the experiments is presented. A number of 
internal factors which might account for the declines in rate are discussed. 
It is suggested that the initial falling off in rate in the ‘‘shade’’ leaves is 
probably the result of the destruction of one of the ‘‘ photosynthetic en- 
zymes.’’ The final decline in photosynthetic rate in the ‘‘shade’’ leaves 
and the diminution in rate occurring in the ‘‘sun’’ leaves is attributed to 
the reduced chlorophyll content of the leaves resulting from bleaching of 
the chlorophyll. 

Several basic generalizations can be drawn from this investigation. 
The length of time that the initial rate of photosynthesis can be maintained 
in apple leaves exposed to continuous illumination of such intensity that 
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light is not a limiting factor, will be influenced by the intensity of the illu- 
mination and the previous history of the leaves. In apple leaves which 
have developed under conditions of high light intensity the initial rate of 
photosynthesis can be maintained for at least 18 days under continuous 
illumination of 3200 foot candles at a temperature of 25° C. In apple 
leaves which have developed under conditions of low light intensity there 
is a rapid initial decline in rate under continuous illumination of 3800 foot 
candles to a constant value which can be maintained for a relatively long 
period. Prolonged exposure of ‘‘shade’’ leaves to continuous illumination 
of even relatively low light intensities will result in bleaching of the chloro- 
phyll and finally in cessation in the rate of photosynthesis. 


The writer wishes to express his gratitude to Dr. B. S. Meyer for the 
suggestion of this problem, and for helpful advice and constructive criti- 
cism throughout the course of this investigation. 

The author is also indebted to Dr. C. A. Swanson for advice regarding 
the construction of various portions of the apparatus and for helpful sug- 
gestions concerning various phases of the experimental procedure. 
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Introduction 


A rapid method for the measurement of inhibition of deterioration in 
seeds was applied in an investigation of organic chemicals in order to 
discover inhibitors which would be applicable on a commercial scale for 
the prevention of heating and deterioration during the storage of seeds. 
Through the courtesy of manufacturers of synthetic organic chemicals, a 
wide variety of compounds was made available for this investigation, and 
these were examined without regard to their previously known or alleged 
biochemical properties. It became evident that members of certain classes 
of chemicals such as halohydrins, simple esters, organic acids, phenol deriva- 
tives, chlorinated xylenes, and sulfon-nitrogen compounds were effective 
inhibitors. Some of the most active chemicals discovered in this survey 
have been reported in a preliminary publication (3). 

It is the purpose of the present report to describe the behavior of chemi- 
eals related to ethylene chlorhydrin. Those chemicals which exhibited 
activity as inhibitors of the same order of magnitude as ethylene chlorhydrin 
were examined at several concentrations, and their behavior as inhibitors 
of heating and formation of free fatty acids were compared to that of 
ethylene chlorhydrin. 

In comparing inhibitors by an empirical method, such as the one used in 
this investigation, it was desirable not only to determine the effective con- 
centration at which each completely inhibited deterioration, but also to 
determine, as far as possible, any differences in the behavior of the inhibitors. 
It was found that as the concentration of an inhibitor used in treating the 
seed was reduced, the resulting loss or diminution of ability to inhibit heating 
and formation of free fatty acids did not necessarily parallel each other. 
Loss of ability to inhibit heating may have proceeded at a greater or lesser 
rate than that of inhibition of the formation of free fatty acids. In some 
instances lowering the concentration of an inhibitor had the effect of 
stimulating biological activity, and here again this effect was not necessarily 
similar for heating and formation of free fatty acids. This ‘‘pattern’’ of 
behavior of seed as a function of the initial concentration of the inhibitor 
in the seed seems to be characteristic for each inhibitor. 

Several patterns of inhibitor behavior were found among the inhibitors 
which are being reported herein. These patterns have been described and 
compared to those of seed treated with diethyl oxalate and vinyl propionate, 
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reported previously (3, 5). Although no explanation is yet available for 
the differences in patterns, it has been felt that any attempt to classify the 
chemicals into groups according to these patterns would make it easier to 
interpret the results at a later date. 


Materials and methods 


The apparatus and method described in a previous publication (5) were 
used in this investigation. Prime flaxseed or cottonseed was cooled and 
artificially moistened to a relatively high moisture content (approximately 
22 per cent.). While still cool it was treated with the inhibitor dissolved in 
ether, placed in Dewar flasks equipped with false bottoms and means for 
aeration. Air was drawn through the samples at the rate of 15 liters per 
24 hours. The seed was generally stored in the Dewar flasks for six days 
and then analyzed for free fatty acids of the seed oil. Control flasks con- 
taining seed from the same lot of seed conditioned to the same moisture 
content but treated only with the solvent (ethyl ether) were also included in 
each experiment. Inasmuch as the extent of deterioration already present 
in the seed influences its reaction to treatment by inhibitors, all of the seed 
used in these experiments had a free fatty acids content of less than one per 
eent., generally around 0.5 per cent. The methods used for determining 
moisture and free fatty acids were those of the American Oil Chemists’ 
Society (2). 

Experimental results 


ETHYLENE CHLORHYDRIN.—The biochemical activity of ethylene chlor- 
hydrin had been established by the extensive investigations of DENNy (4) 
and Miuuer et al. (6,7, and 8). They found that exposure of dormant potato 
tubers to the vapors of this material will effectively break the rest period and 
allow the tubers to sprout. Under the conditions of concentration of 
ethylene chlorhydrin which prevail in a treatment with vapor (approxi- 
mately 0.12 per cent.) the respiration of the tubers was increased 300 to 600 
per cent. Thus, in the concentrations used by them, this chemical acted as 
a stimulant of biological activity. 

In a previous publication (5) it was shown that at a concentration of 
0.38 per cent. (dry weight of seed basis) ethylene chlorhydrin inhibited 
heating and formation of free fatty acids for eight days in flaxseed contain- 
ing 21 per cent. moisture. At a concentration of 0.13 per cent. although 
there was some inhibition of heating, treatment with ethylene chlorhydrin 
caused more free fatty acids to be formed in the 8-day period than occurred 
in the control. In order to observe more closely the change from stimulation 
to inhibition of biological activity as effected by concentration of inhibitor, 
the effect of ethylene chlorhydrin concentration on heating and formation of 
free fatty acids during storage was investigated in a series of three experi- 
ments using small increments of concentration over the range of 0.03 to 0.34 
per cent. The results of the analyses for moisture and free fatty acids are 
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given in table I, and the heating curves are shown in figure 1. Also shown 
in figure 1 is the complete heating pattern of flaxseed conditioned to 22 per 
cent. moisture and treated with ethylene chlorhydrin in a concentration of 
0.38 per cent. (fig. 1d). Im order to obtain this information it was 
necessary to keep the seed in the Dewar flasks for 16 instead of the customary 
six days. Instead, there was inhibition of the rate of heating. 
Examination of the curves in figure 1 shows that treatment of the seed 
with high concentrations of ethylene chlorhydrin caused complete inhibition 
of heating for a definite period, the duration of which was determined by the 
concentration of inhibitor. At a concentration of 0.38 per cent. this period 


TABLE I 


EFFECT OF ETHYLENE CHLORHYDRIN CONCENTRATION UPON THE CONTENT OF FREE FATTY 
ACIDS OF TREATED GOLDEN VIKING FLAXSEED KEPT IN DEWAR FLASKS FOR SIX DAYS 





CONCENTRATION OF 
ETHYLENE CHLORHY- CONTENT OF FREE 
DRIN (BASED ON FATTY ACIDS 
WEIGHT OF DRY SEED) 


AVERAGE MOISTURE 
SERIES CONTENT 
(WET BASIS) 











%o % % 

1 21.8 0.03 4.6 
0.13 §.2 

0.18 5.0 

3.1 

2 22.3 0.19 5.2 
0.21 2.5 

0.22 2.3 

3.3 

3 21.8 0.24 2.3 
0.28 1.7 

0.34 1.1 

5.0 





was nine days, at 0.24—0.34 per cent. concentration inhibition persisted for 
four to five days, at 0.19-0.22 per cent. this period was three days, and 
below 0.18 per cent. there was no period at which there was complete absence 
of heating. 

Despite the fact that the average temperature of the treated seed was 
always lower than that of the control, stimulation of the formation of free 
fatty acids occurred in those seeds treated with concentrations of inhibitor 
below 0.19 per cent., as is shown in table I. Similar experiments conducted 
on delintered cottonseed conditioned to a moisture content of 25 per cent. 
indicated that inhibition ceased and stimulation of the formation of free 
fatty acids began at concentrations of ethylene chlorhydrin of 0.19 per cent. 

Diethyl oxalate has been reported (3) to inhibit heating and formation 
of free fatty acids in seeds. The pattern of behavior of this compound is 
not quite the same as that of ethylene chlorhydrin. At the lowest con- 
centration of diethyl oxalate used (0.16 per cent.) there was stimulation of 
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heating after four days storage, and at that concentration more free fatty 
acids were produced after six days of storage than in the untreated control. 
110 
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Fig. 1. Effect of concentration of ethylene chlorhydrin on heating of flaxseed 
stored in Dewar flasks. Dotted lines represent untreated control seed conditioned to 
22% moisture content. 

Number Concentration of ethylene chlorhydrin 
% 
0.03 
0.13 
0.18 
0.19 
0.21 
0.22 
0.24 
0.28 
0.34 
0.38 
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At all other concentrations of this compound used there was both inhibition 
of heating and formation of free fatty acids. Thus, in the case of diethyl 
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oxalate the change in inhibition of heating and formation of free fatty acids 
proceeds in a parallel manner as the concentration is changed. 

Yet another pattern of concentration effect is observed with flaxseed 
treated with vinyl propionate (5). In this case there was inhibition of the 
formation of free fatty acids even under conditions where there was no in- 
hibition of heating. Although the net effect of adequate concentrations of 
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Fig. 2. Effect of concentration of trimethylene chlorhydrin on heating of flaxseed 


stored in Dewar flasks. The dotted line represents the untreated control seed condi- 
tioned to 22% moisture content. 


Number Concentration of trimethylene chlorhydrin 
%o 
1 0.11 
2 0.24 
3 0.36 


the above-mentioned inhibitors is the same (i.e., heating and formation of 
free fatty acids is minimized), the different pattern of the effect of concen- 
tration would indicate that the mechanism whereby this inhibition is 
achieved differs for each one. 

TRI- AND TETRAMETHYLENE CHLORHYDRIN AND EPICHLORHYDRIN.—Some 
information on the effect of increasing the distance between the hydroxyl 
group and the chlorine atom in the chlorhydrin molecule may be obtained by 
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investigating the behavior of tri- and tetramethylene chlorhydrin as in- 
hibitors. The former (3-chloropropanol-1) has one CH, group between the 
hydroxyl and chlorine groups and the latter (4-chlorobutanol-1) has two 
CH, groups interposed. The effect of concentration of trimethylene chlor- 
hydrin upon heating and formation of free fatty acids in flaxseed was de- 
termined with the results on heating as shown in figure 2. The pattern of 
concentration effect is quite different from that obtained with ethylene 
chlorhydrin. In this instance the inhibitory effect upon heating was not 
as prolonged, and with every concentration used there was a stimulation 
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Fie, 3. Effect of epichlorhydrin in a concentration of 0.38% on heating of flaxseed 
stored in Dewar flasks. The dotted line represents the untreated control seed condi- 
tioned to 22% moisture content. 


of heating prior to the conclusion of the 7-day storage period. At a con- 
centration of this chemical of 0.36 per cent. good inhibition of heating per- 
sisted for five days, for 0.24 per cent. the inhibition persisted for four days, 
and at 0.11 per cent. there was no initial inhibition. The content of free 
fatty acids of samples of seed stored for seven days was 2.1, 2.2, and 2.6 per 
cent. for those samples treated with 0.36, 0.24, and 0.11 per cent. of the 
inhibitor, respectively. The control sample, which had the same moisture 
content (21.7 per cent.) and which was stored for the same length of time, 
had 3.9 per cent. of free fatty acids. Thus, some inhibition of the formation 
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of free fatty acids was noted even at a concentration at which there was 
stimulation of heating. 

Epichlorhydrin (1-chloro-2, 3-epoxy propane) in a concentration of 
0.38 per cent. was a very effective inhibitor of heating for 44 days, after 
which there was a very sharp rise in the temperature of the seed, as is shown 
in figure 3. Flaxseed treated with this compound, however, had a content 
of free fatty acids, after six days of storage, of 5.3 per cent. compared to 1.5 
per cent. in the untreated control. The excessive stimulation of the forma- 
tion of free fatty acids obtained with this compound is quite different from 
that exhibited by seed treated with trimethylene chlorhydrin where there 
was no stimulation of the formation of free fatty acids despite the fact that 
there was rapid heating after five days of storage. 

Tetramethylene chlorhydrin at a concentration of 0.34 per cent. had no 
effect on the heating of the sample of flaxseed and produced only a slight 
inhibition in the formation of free fatty acids. It would seem that as the 
distance between the chlorine atom and hydroxy! group in the chlorhydrin 
molecule is increased its effectiveness as an inhibitor is decreased. 

PROPYLENE CHLORHYDRIN AND STYRENE CHLORHYDRIN.—By investigating 
the properties of propylene chlorhydrin (1-hydroxy-2-chloro propane) it 
is possible to obtain some information on the effect upon inhibition of sub- 
stituent groups on the chlorhydrin molecule. In one experiment propylene 
chlorhydrin in a concentration of 0.36 per cent. gave excellent inhibition in 
the formation of free fatty acids (0.8 per cent. compared to 3.9 per cent. 
developed in control in seven days) and fair inhibition of heating. 

A series of experiments designed to show the effect of concentration of 
propylene chlorhydrin on heating and formation of free fatty acids in flax- 
seed were conducted using a range of concentration of inhibitor from 0.36 
to 0.05 per cent. Seed treated with ethylene chlorhydrin at a concentration 
of 0.38 per cent. was included in this series as a positive control. The re- 
sults of these experiments are given in figure 4 and in table I]. Propylene 
chlorhydrin was not as good an inhibitor of heating as ethylene chlorhydrin. 
Despite the fact that this compound did not inhibit heating as well as did 
ethylene chlorhydrin, they were equal as inhibitors of the formation of free 
fatty acids. Marked inhibition in the formation of free fatty acids was 
obtained in concentrations as low as 0.24 per cent. At lower concentrations 
there was marked stimulation in the formation of free fatty acids. 

When a phenyl! group is substituted in place of the methyl group, as in 
the case of styrene chlorhydrin, the resulting compound has little activity 
either as an inhibitor of heating or formation of free fatty acids. 

ALCOHOLS AND CHLORIDES.—In order to determine whether any of the 
activity of ethylene chlorhydrin was related to activity of simple aliphatic 
chlorides and alcohols, the biochemical activity of a series of these com- 
pounds was investigated. Flaxseed treated with ethyl alcohol in a con- 
centration of approximately 0.35 per cent. exhibited initial stimulation of 
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heating similar to that shown by propylene chlorhydrin. There was no 
inhibition in the formation of free fatty acids. Similarly, ethylene glycol 
exhibited stimulation of heating and no inhibition in the formation of free 
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Fig. 4. Effect of concentration of propylene chlorhydrin on heating of flaxseed 
stored in Dewar flasks. The dotted line represents the untreated control seed condi- 
tioned to 22% moisture content. The line denoted by ‘‘O’’ represents seed treated with 
ethylene chlorhydrin in a concentration of 0.38%. 





Number Concentration of propylene chlorhydrin 
% 
0.05 
0.14 
0.19 
0.24 
0.29 
0.36 
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fatty acids at a comparable concentration. Ethyl chloride and ethylene 
dichloride when used at similar concentrations had no effect either on heat- 
ing or the formation of free fatty acids in the seed. 
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CHLORAL HYDRATE.—Some effect of multiple substitution of chlorine and 
hydroxyl groups may be gained by investigating the behavior of chloral 
hydrate. This compound, when used in a concentration of 0.34 per cent. 
on flaxseed at a moisture content of 22.5 per cent., produced some inhibition 
of heating. Seed treated with this compound never exhibited complete in- 
hibition of heating as in the case of treatments with some of the other com- 
pounds, but the rate of heating was less than the rate of heating of the un- 
treated control seed of the same moisture content. This compound also 
produced some inhibition in the formation of free fatty acids, but not of the 
same magnitude as that produced by equal concentrations of ethylene chlor- 
hydrin. 

OTHER SUBSTITUTED CHLORHYDRINS.—A number of complex chlorhydrins 
and substituted chlorhydrins were tested for biochemical activity. Glycerol 


TABLE II 


BFFECT OF PROPYLENE CHLORHYDRIN CONCENTRATION UPON THE CONTENT OF FREE FATTY 
ACIDS OF TREATED FLAXSEED STORED IN DEWAR FLASKS FOR SIX DAYS! 





CONCENTRATION 
INHIBITOR (BASED ON WEIGHT FREE FATTY ACIDS 
OF DRY SEED) 





% %o 
Propylene chlorhydrin 0.36 0.5 
Propylene cbhlorhydrin 0.29 0.7 
Propylene chlorhydrin 0.24 1.2 
Propylene chlorhydrin 0.19 5.8 
Propylene chlorhydrin 0.14 9.1 
Propylene chlorhydrin 0.05 8.5 
Ethylene chlorhydrin 0.38 0.5 
None 4.3 


1 Average moisture content of seed was 22.5% (wet basis). 


dichlorhydrin, a mixture of 2,3-dichloropropanol-1 and 1,3-dichloropropanol- 
2, gave fair inhibition of heating for 3} days when used in a concentration of 
0.44 per cent. Some inhibition in the formation of free fatty acids was also 
observed, but not to a degree comparable to that obtained with ethylene 
chlorhydrin. Glycerol g-monochlorhydrin was effective as an inhibitor of 
heating for the first 2} days of the storage period and produced no appreci- 
able inhibition of the formation of free fatty acids. 

8-Methy] glycerol-g-monochlorhydrin, diethylene glycol chlorhydrin, tri- 
ethylene glycol chlorhydrin, a mixture of di- and tripropylene glycol chlor- 
hydrin, and cyclohexane chlorhydrin had very little activity either as in- 
hibitors of heating or formation of free fatty acids. 

ETHYLENE BROMHYDRIN AND CYANOHYDRIN. 





The introduction of bromine 


in the place of chlorine in the halohydrin molecule increases the inhibitory 
activity. Two series of experiments were conducted to determine the effect 
of concentration of ethylene bromhydrin on the biological activity in moist 
flaxseed with results as given in table III and figure 5. As is shown in 
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figure 5, ethylene bromhydrin in a concentration comparable to ethylene 
chlorhydrin is the more effective inhibitor of heating. In both of the ex- 
periments shown in figure 5, the temperature of the seed treated with the 
bromine derivatives was almost 10° F. lower than that of the seed treated 
with the chlorine compound. Ethylene bromhydrin was also better than the 
chlorhydrin in preventing formation of free fatty acids. The critical 
concentration at which there was a change from inhibition in the formation 
of free fatty acids to stimulation was approximately 0.18 per cent. In seeds 
treated with very low concentrations of this compound, however, there was a 


TABLE III 


EFFECT OF CONCENTRATION OF ETHYLENE BROMHYDRIN ON FREE FATTY ACID CONTENT 
OF TREATED FLAXSEED STORED IN DEWAR FLASKS FOR SIX DAYS 





CONTENT OF FREE 





INHIBITOR CONCENTRATION parr Acuee 
Al 
% % 
Ethylene bromhydrin 0.54 1.4 
Ethylene bromhydrin 0.43 1.2 
Ethylene bromhydrin 0.36 11 
Ethylene bromhydrin 0.25 1.2 
Ethylene bromhydrin 0.18 4.0 
Ethylene chlorhydrin 0.38 1.0 
None ' 6.4 
B2 
Ethylene bromhydrin 0.25 1.0 
Ethylene bromhydrin 0.18 1.6 
Ethylene bromhydrin 0.09 9.8 
Ethylene bromhydrin 0.05 9.1 
Ethylene chlorhydrin 0.38 1.6 
None 5.1 





1 Average moisture content of 21.1%. 
2 Average moisture content of 22.0%. 


very pronounced stimulation of both heating and formation of free fatty 
acids. 

Substitution of cyanide for chlorine produced a compound which was not 
effective as an inhibitor of either heating or formation of free fatty acids. 
At a concentration of 0.33 per cent. ethylene cyanohydrin had no effect on 
the heating of 22 per cent. moisture content flaxseed. After 54 days of stor- 
age the content of free fatty acids of the treated seed was 2.3 per cent. com- 
pared to 1.9 per cent. in the control seed of the same moisture content stored 
for the same length of time. 


Discussion 


A recapitulation of the inhibitory activity of the compounds discussed in 
previous sections is given in table 1V. The system of rating inhibitors de- 
scribed in detail in previous publications is dependent on the arbitrary 
choice of one inhibitor, ethylene chlorhydrin, as a standard. The concen- 
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tration of the inhibitor, 0.38 per cent. (dry wt. basis), which produced com- 
plete inhibition in heating and the formation of free fatty acids was rated 
asi. By comparison of the concentration of a new inhibitor that produces 
equal inhibition in heating or free fatty acids formation with that of ethylene 
chlorhydrin, the standard, it is possible to arrive at a rating for the com- 
pound in question. For example, in table IV, ethylene bromhydrin received 
a rating of 2.1 with respect to heating. This means that ethylene bromhy- 
drin is 2.1 times as active as ethylene chlorhydrin, or, that a little less than 
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Fig. 5. Effect of concentration of ethylene bromhydrin on heating of flaxseed 
stored in Dewar flasks. The dotted lines represent the untreated control seed condi- 
tioned to 22% moisture content. The lines denoted by ‘‘O’’ represent seed treated 
with ethylene chlorhydrin in a concentration of 0.38%. 

Number Concentration of ethylene bromhydrin 


% 
0.05 
0.09 
0.18 
0.25 
0.36 
0.43 
0.54 
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half the concentration of ethylene bromhydrin will accomplish the same 
effect as 0.38% of ethylene chlorhydrin (based on the dry weight of the 
seed). 


Three patterns of inhibitory behavior were observed in the series of com- 
pounds investigated. The first, which is typified by ethylene chlorhydrin, 
is one wherein stimulation of the formation of free fatty acids occurred even 
at concentrations of chemical capable of producing inhibition of heating. 
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In none of the experiments with ethylene chlorhydrin was there any marked 
stimulation of heating even at very low concentrations. The second pattern, 
produced by the group of compounds which includes propylene chlorhydrin, 
ethylene bromhydrin, and diethyl oxalate, is one in which inhibition and 
stimulation of the formation of free fatty acids closely paralleled that of 
heating. The third pattern, typified by vinyl propionate, is one in which 
there was marked inhibition of the formation of free fatty acids at con- 
centrations of chemical which failed to inhibit heating. 

The use of a six to seven day period of storage in evaluating the effect 
of inhibitors prevented the determination of the length of time during 


TABLE IV 


INHIBITION OF BIOLOGICAL ACTIVITY IN MOIST FLAXSEED BY COMPOUNDS RELATED TO 
ETHYLENE CHLORHYDRIN 





I. Compounds equal to or better than ethylene chlorhydrin 
Inhibitor Index 


Free Fatty Acid Heating 
Ethylene chlorhydrin 1.0 1.0 
Ethylene bromhydrin 2.1 2.1 
Propylene chlorhydrin 1.3 . 





II. Compounds having less activity as inhibitors than ethylene chlorhydrin 
Trimethylene chlorhydrin 
Epichlorhydrin 
Chloral hydrate 
Glycerol dichlorhydrin 
Glycerol g-monochlorhydrin 





III. Compounds having no activity 


Tetramethylene chlorhydrin Ethyl chloride 

Styrene chlorhydrin Ethylene dichloride 

Ethy] alcohol B-Methyl glycerol-a-monochlorhydrin 
Ethylene glycol Diethylene glycol chlorhydrin 

Triethylene glycol chlorhydrin Di and tripropylene glycol chlorhydrin 

Cyclohexane chlorhydrin Cyanohydrin 


1 Propylene chlorhydrin, even at high concentrations, was not as effective an inhibi- 
tor of heating as ethylene chlorhydrin and therefore was not rated comparatively. 


which inhibition was manifested. Only in some instances (e.g., trimethy- 
lene chlorhydrin, epichlorhydrin, and low concentrations of some of the 
other chemicals) was there any ‘‘break’’ in inhibition of heating before the 
end of the storage period. The length of time during which inhibition is 
manifested would obviously be another means of comparison of the relative 
effectiveness of the chemicals. This would require, however, longer storage 
periods and is the subject of another investigation. 

The conditions which provide for inhibition of biological activity in 
seeds are so complex, involving, among others, the ease and rate of penetra- 
tion of the inhibitor into the seed, its distribution among the various con- 
stituents of the seed, its specific inhibitory activity toward certain enzymes, 
its effect upon the microflora, and the metabolism of the inhibitor by the 
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seed, that it becomes difficult to correlate this type of biological activity with 
chemical structure. Among the chlorhydrins, it would seem that any in- 
crease in the complexity of the molecule tends to reduce its activity as an 
inhibitor in this test. 


Summary 


1. The effect of concentration of ethylene chlorhydrin used in treatment 
of moist flaxseed and cottonseed upon the biological activity in these seeds 
was investigated, and it was found that concentrations above 0.19 per cent. 
on the basis of the dry weight of the seed inhibited the formation of free 
fatty acids while lower concentrations stimulated their formation. All con- 
centrations of ethylene chlorhydrin inhibited heating in seeds to some extent. 

2. It was found that as the concentration of an inhibitor used in treat- 
ing the seed was reduced, the resulting loss or diminution of ability to in- 
hibit heating and formation of free fatty acids did not necessarily parallel 
each other. This pattern of behavior of seed as a function of the initial 
concentration of the inhibitor in the seed seems to be characteristic for each 
inhibitor. The patterns obtained with ethylene chlorhydrin and propylene 
chlorhydrin were compared to those of vinyl propionate and diethyl oxalate. 

3. A number of compounds related in structure to ethylene chlorhydrin 
were investigated and it was found that propylene chlorhydrin and ethylene 
bromhydrin had comparable inhibitory activities. 
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Chlorella has been widely used in studies on photosynthesis with but 
little attention to possible variations in its metabolic activities. The 
metabolism of other microorganisms has proved to be quite variable and 
dependent upon previous history as well as upon prevailing environmen- 
tal conditions. It has been common practice, for instance, to study resting 
cells as opposed to actively proliferating cells. Resting cells have been 
variously obtained by removal of the nitrogen source from the nutrient 
medium, by washing the cells, or starving the cells of organic nutrients for 
a period of time. Assimilation of carbon may be much more efficient in rest- 
ing cells than in growing cells (cf. 10) and for that reason the former have 
most frequently been used in studies on oxidative assimilation. In Chlo- 
rella oxidative assimilation has been studied in resting cell preparations ob- 
tained as a result of starvation, t.e., aerobic incubation in the dark in the 
absence of organic nutrients (6). As a background for the larger prob- 
lem of assimilation in Chlorella it becomes important to investigate the 
changes that take place during starvation. 


Experimental 


Chlorella pyrenoidosa (Emerson’s strain) was grown in two units of a 
continuous culture apparatus in which uniform experimental material is 
produced day after day (Myers and Cuiark, 7). Illumination of 90 foot- 
candles was provided by tungsten lumiline bulbs. The cultures were 
aerated with 4% carbon dioxide in air and maintained at a temperature 
of 25.3° C. Knops solution containing KNO,, MgSO,, and KH.,PO, with 
added iron and microelements was used as the culture medium (4). The 
population density in various culture units was 2.2 to 2.7 emm. cells/ml. 

Samples of starved or resting cells were obtained by harvesting cell 
Suspensions in sterile flasks and placing them on a mechanical shaker in 
the dark at a temperature of 25-28° C. During this period the cells are 
provided with all requisite inorganic nutrients and become starved of re- 
serve food supplies as a result of their own respiratory activity. 

Photosynthetic and respiratory activities of the cells were determined 
from gas exchange measurements by the Warburg technique. Photosyn- 
thesis measurements were made in rectangular Warburg vessels in a bath 
with glass bottom thermostated at 25° C. and illuminated at a photosyn- 
thesis-saturating intensity of 600 f.c. by a bank of 17 sixty-watt Mazda 
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lamps. Respiratory gas exchange was measured at 25° C. in darkness in 
a second bath using the common respiration vessels. In preparation of the 
cell sample for experiments an aliquot was routinely centrifuged out, 
washed in a Knops solution of desired pH, and taken up to a definite 
volume in fresh Knops of the same pH. 

Estimate of the volume of cells used was obtained on an aliquot of the 
original suspension by means of a centrifuging technique involving use of 
the Van Allen thrombocytocrit (4). Cell dry weight was obtained by 
drying in vacuo (about 4 mm.) at room temperature. A measured aliquot 
of suspension was centrifuged out, washed twice in distilled water, and the 
cells transferred in a minimum quantity of water into tared weighing 
flasks for drying. 

The presence of starch in cells was qualitatively demonstrated by an 
iodine test. Cells to be tested were centrifuged out, heated to boiling, and 
extracted several times with hot methanol to remove the chlorophyll. Ex- 
tracted cells containing starch gave a blue color upon the addition of iodine 
solution (4 Lugol’s solution). The lack of such a color change was taken 
as evidence of absence of starch. 


Results 


A series of experiments was made to determine the effect of starvation 
on the rates of photosynthesis and respiration and on related cellular char- 
acteristics in Chlorella. Photosynthetic rates and cell volumes were deter- 
mined on aliquots of a freshly harvested sample. The sample was then 
placed on a shaker in the dark. At intervals of one, three, and five days 
thereafter aliquots were withdrawn and the rate of photosynthesis meas- 
ured. Respiratory activity was subsequently followed on another sample 
in a similar manner. The cell volume and dry weight of cells per unit 
volume of suspension and the pH of the suspension were followed on a 
third sample. Precautions were taken to keep the samples sterile through- 
out the period of starvation. All rate calculations were referred to the 
cell volumes determined on the fresh samples. 

Changes in the cellular and metabolic characteristics of Chlorella as a 
function of time of starvation are summarized in table I. 

Apparent rates of photosynthesis are given, uncorrected for respira- 
tion. Such a correction would be small; indeed, the large differences be- 
tween the apparent rate of photosynthesis and endogenous respiration are 
particularly striking. For freshly harvested cells the apparent rate of 
photosynthesis measured in Knops solution at pH 4.5 is about 30 times as 
great as respiration; by the third day after harvesting it is about 100 
times as great. This increase in differences of the two rates can be attrib- 
uted mainly to the rapid decrease in endogenous respiration during and 
following the first day after harvesting. 

Photosynthesis rates measured in Knops solution were calculated on 
the basis of an assimilatory quotient of 0.90; these range some 20% greater 
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than the rates obtained when the cells are measured in 0.1 M KHCO,; 
buffer. The difference is consistent with data of other workers (5, 8). 
For present purposes it is sufficient to note that the behavior of the cells 
was qualitatively the same by the two different methods of measurement. 
The total decrease of only about 20% in the maximum rate of photosyn- 
thesis seemed so small that further work on this metabolic characteristic 
did not appear warranted within the present study. 

Rates for glucose respiration were determined by adding 50 micromols 


TABLE I 


CELLULAR AND METABOLIC CHARACTERISTICS OF CHLORELLA AS A FUNCTION OF TIME 
OF STARVATION IN THE DARK AND IN THE ORIGINAL KNOPS SOLUTION IN WHICH 
THE CELLS HAD BEEN GROWN. RATES ARE EXPRESSED IN CMM. OXYGEN/HOUR/ 
CMM. CELLS, REFERRED TO CELL VOLUME AT ZERO DAYS 











DAYS AFTER HARVESTING 


















































0 1 3 § 
Rate in 
0.1 M 
KHCO, 31 35 28 25 
Apparent buffer 
photosynthesis 
Rate in 
Knops 40 43 34 32 
solution 
Endogenous : ‘ a we PAE ‘ ; 
respiration Rate — 1.26 — 0.57 — 0.35 — 0.38 
Rate —4.7 —4.8 — 3.6 — 2.7 
Glucose — —— - — — 
respiration mols O,/ 
mol 1.46 0.99 0.91 1.02 
glucose 
Dry weight mg./es. of 0.63 0.55 0.50 
suspension 
Cell volume mee. of 2.58 2.45 2.23 
suspension 
H ey san Shuey 5.4 
0 Sigg 6.35 6.50 6.56 





glucose to the cell suspension. After addition of substrate the rate of 
oxygen uptake increased continuously to a maximum, constant rate which 
was attained after about two hours; values cited in the table are for this 
period of maximum, constant rate. 

The mols of oxygen required per mol of glucose oxidized were deter- 
mined by adding 5 micromols of glucose after a period of endogenous 
respiration. There followed a period of increased rate of oxygen uptake 
corresponding to utilization of the substrate. On exhaustion of the sub- 
Strate the rate of oxygen uptake returned to that of endogenous respira- 








258 PLANT PHYSIOLOGY 


tion. The amount of oxygen taken up during this period of increased 
rate is taken as that required for oxidation of the substrate. This method 
is the common manometric procedure used in studies on oxidative assimi- 
lation (e.g., 1) and requires the assumption that the endogenous respira- 
tion is suppressed during glucose assimilation. 

The value of 1.0 mol oxygen/mol glucose for starved cells is independ- 
ent of period of starvation from one to five days. This confirms the 
value previously reported (6) for 30-hour starved cells and is consistent 
with the equation: 

C.Hi20, + O2. ~ 5(CH.O) + CO, + H.O. 
For growing cells the value of 1.46 mols oxygen/mol glucose may repre- 
sent a more complete oxidation and less complete assimilation; in view of 
the high rate of endogenous respiration, however, it is also possible that the 
endogenous respiration is not suppressed and that the estimated value may 
be too high. 

The data on dry weight show the decrease which might be anticipated 
as a result of starvation. With starvation there is a slow increase in the 
pH of the suspension probably as the result of some nitrate absorption. 

In many organisms starvation causes an initial depletion of storage 
carbohydrate. Investigations were therefore made on the time required 
for detectable starch to disappear from starving cells of Chlorella. Using 
the iodine test, starch could be demonstrated in freshly harvested cells and 
in starving cells for a period of about nine hours after harvesting. After 
about nine to ten hours no starch could be detected. 

As might be expected, the most important effect of starvation appears 
as a decrease in the rate of endogenous respiration and as an early disap- 
pearance of one of the known storage carbohydrates. Decrease in endog- 
enous respiration of Chlorella has previously been observed. GENEVOIS 
(3) observed a decrease in rate of from 30 to 75 per cent. in four and a 
half hours and noted that the extent of decrease depended upon the pre- 
vious light intensity of culture of the cells. FRrEeNcH, Kon, and Tana (2) 
have made continuous measurements on gas exchange during starvation in 
studies on the temperature characteristics of Chlorella. They obtained 
curves for the time course of oxygen consumption which could be divided 
into two parts, the first portion showing the rate to be a function of time 
and a second portion during which the rate is independent of time. An 
explanation of this phenomenon was offered in the postulate that two sub- 
stances, A and B, were being oxidized during the initial stage and only 
one, B, during the final stage. This hypothesis was strengthened by their 
observation that the respiratory quotient declined during the measure- 
ments from an initial value of about 0.95 to a final value of 0.65.2 From 


1 The value of 0.91 for three days is believed to be an experimental error since com- 
parable values from other experiments did not differ significantly from 1.0. 

2 As a matter of convenience the R.Q. is used in this paper without regard to its 
sign. From the conventions of sign of the gas exchange the R.Q. is actually a negative 
value. 
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the R.Q. values it was inferred that substance A is a carbohydrate-like 
material and that substance B is a lipid or other oxygen-poor material. 
Such experiments have importance which merits their repetition within 
the present study. 

Oxygen consumption and apparent carbon dioxide production of Chlo- 
rella were followed in a series of duplicate flasks with and without potas- 
sium hydroxide. Each flask contained 2.0 ml. of a suspension containing 
38.2 emm. of freshly harvested cells which had been washed and resus- 
pended in Knops solution at pH 4.5. The manometric experiment con- 
tinued over a period of 48 hours and the flasks were occasionally flushed 
out with air to avoid depletion of oxygen. The results were similar to 
those of French, Kohn, and Tang. A period of high rate of oxygen up- 
take persisted for about ten hours after which the rate was much lower 
and the change in rate very slow. The apparent R.Q. values were found 
to range from 1.1 at the beginning down to 0.7 at the end of the experiment. 

The R.Q. values have been labelled ‘‘apparent’’ from the following con- 
siderations. Carbon dioxide production in this experiment was calculated 
on the assumption that no retention as bicarbonate occurs in cell suspen- 
sions, an assumption valid for pH values up to about five. Although the 
pH of the Knops solution in which the cells were originally suspended was 
4.5, this value did not remain constant over the many hours of the experi- 
ments. The pH value of the cell suspension in an experimental vessel 
which was sacrificed at 23 hours was 6.15 and at the end of the experiment 
the pH value in the other vessels had risen to 6.4. Thus pH conditions 
made possible the binding of carbon dioxide in the liquid suspension, with 
the result that less carbon dioxide existed in the gas phase, and mano- 
metric measurements of carbon dioxide evolution were too low. 

In a second experiment two attempts were made to minimize the pH — 
change and allow both oxygen and carbon dioxide exchange to be followed 
continuously during a two day period of starvation. In one series of 
flasks the phosphate concentration of the Knops solution was increased 
three times (3 x 0.0092 M KH.PO,) in an effort to increase the buffer ca- 
pacity. Since it could be shown that the pH change occurring was largely 
the result of nitrate absorption, the KNO, of the Knops solution in an- 
other parallel series of flasks was replaced by an equivalent concentration 
of K.SO,. The cells used had been grown at a slightly higher light in- 
tensity and were known to have a somewhat higher initial rate of respira- 
tion than those of the earlier experiment. In the preparation of the cell 
suspension centrifuging was cut to a bare minimum and all precautions 
taken to avoid anaerobic conditions which might affect the subsequent gas 
exchange. 


Representative curves for the second experiment are presented in figure 
1 and the data are summarized in table Il. The gas exchange in Knops 
solution (solid lines) showed distinct differences from that of the previous 
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Fie. 1. Respiratory gas exchange as a function of time of starvation in Chlorella. 
Solid points indicate CO, exchange; open points indicate O, exchange. Solid lines indi- 
cate respiration in Knops solution with phosphate increased to 0.027 M; broken lines 
indicate respiration in Knops-minus-nitrate. Initial pH=4.5. Cell quantity = 38.2 emm. 
cells per flask. 


experiment. Both the initial and final R.Q.’s are higher. The initial R.Q. 
of 1.41 has subsequently been shown to be the result of attendant nitrate 
reduction; it is related to the higher initial rate of respiration and per- 
haps also to a more careful maintenance of aerobic conditions than in the 
first experiment. The final R.Q. of 0.87 is also higher than in the preced- 
ing experiment. This is clearly related to the less pronounced pH in- 
crease resulting from the increased buffer capacity of the added phosphate. 
At the lower final pH less carbon dioxide is bound as bicarbonate and the 
observed carbon dioxide approaches more nearly the real value. 


TABLE II 


EFFECTS OF STARVATION ON RATES OF GAS EXCHANGE. RATES ARE EXPRESSED IN 
CMM/HOUR/CMM. CELL. INITIAL PH = 4.5 











INITIAL (1-3) HOURS FINAL (30-45) HoURS — 
MEDIA er - ere — 
0, CO, R.Q.t 0. co. R.Q.+ pH 
Knops with 3 x 
increased phosphate -1.56 2.20 1.41 -0.23 (0.20)* (0.87)* 5.6 
5.2 


Knops minus nitrate -1.41 1.61 1.14 — 0.06 (0.15)* (2.3)* 


* Values approximate only and too low due to increase in pH. 
+ R.Q.’s are ecaleulated from the rates maintained during the time periods indicated 
and are not cumulative. 
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When the medium is lacking in nitrogen (broken lines of figure 1) the 
course of gas exchange is quite different, leading to a very low final rate 
of oxygen uptake. It is clear that even during starvation nitrogen de- 
ficiency has marked effects and does not provide an adequate means of 
study of the starvation metabolism of Chlorella. Further speculation 
seems premature; a more complete investigation of nitrogen deficiency is 
indicated. 

The need for an accurate final R.Q. is evident. R.Q.’s at high pH can 
be determined by releasing the bound carbon dioxide with acid at the be- 
ginning and end of the experiment in duplicate vessels. Experiments 
using such a method were designed for cells that had been shaken in the 
dark for two days, and so were considered to have respiratory activity 
comparable to that of cells at the end of the long-time experiments. Such 
respiratory activity is very much less than that of fresh cells and in order 


TABLE III 


R.Q.S OF CELLS STARVED TWO DAYS 





EXPERIMENT 








ne TIME AFTER CENTRIFUGING (MIN.) R.Q. 
1 40 —- 160 0.92 
0.94 

2 160 — 190 0.99 
0.99 

3 180 — 300 0.94 


0.93 





to obtain measurable rates for the two-day-old cells it is necessary to in- 
crease the quantity of cell material some four times over the amount used | 
when fresh cells are being studied. 

The results of experiments in which oxygen uptake and carbon dioxide 
evolution were followed as a function of time in dense suspensions of two- 
day-old cells were unexpected. From a study of the experiment of figure 
1, one would have supposed that there would be little change in the rate 
of gas exchange after such a period of starvation. Yet repeated experi- 
ments showed a very rapid decreasing rate of gas exchange, which per- 
sisted even as long as four hours after the cells had been placed in the 
experimental vessels. Under such conditions, R.Q. values were low, rang- 
ing from 0.7 to 0.8. In considering possible causes for the rapidly chang- 
ing rates of gas exchange, it was noted that in the preparation of the 
sample for the experiment, two environmental conditions are changed: 
(1) the cells are taken from a pH of about 6.5 (pH of sample two days 
after harvesting), washed and resuspended in a Knops solution of pH 4.5; 
(2) the cells are packed into a small volume during centrifuging and any 
effects of anaerobic conditions imposed thereby might be intensified due to 
the density and age of the suspension used. Assuming that the effect pro- 
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duced was probably the result of one or a combination of these conditions, 
several experiments were designed to by-pass them. The cells were taken 
up in a Knops solution of pH 6.0 so that the effect due to pH change would 
be lessened and R.Q.’s were measured only after the rates had steadied off. 
The results of three such experiments are presented in table III. In all 
three cases the cells had been starved for two days and the measurements 
were made in a Knops solution of pH 6.0, bound carbon dioxide being 
released by adding acid at the beginning and end of the indicated time 
period. 

It appears, then, that the R.Q. of starved cells is 0.9 to 1.0. It has 
been demonstrated (and will be reported elsewhere) that nitrate reduc- 
tion with marked effect on the gas exchange is negligibly small in starved 
cells of Chlorella. The R.Q. of about 1.0 may be taken as evidence of a 
carbohydrate-like substrate for endogenous respiration even after two days 
of starvation. 

The data of table II for the rate of oxygen uptake during the second 
day of starvation obtained during continuous measurement are consider- 
ably less than comparable data of table | obtained from short-time experi- 
ments on cells already starved. It is likely that the rates of endogenous 
respiration reported in table I are somewhat too high as a result of effects 
of anaerobic conditions in centrifuging and preparation of the starved 
cells for manometric measurements. 


Discussion 


The postulate of Frencu, Kounn, and Tana (2) that two distinct sub- 
stances are being oxidized during the endogenous respiration of Chlorella 
may be applied to the data obtained in this study. The times required for 
the disappearance of starch and for the decrease in the high rate of endog- 
enous respiration are comparable. This suggests that starch is a substrate 
for the initial rapid endogenous respiration and therefore corresponds to 
substrate A of French, Kohn, and Tang. However, in regard to a second 
substrate B, which is oxidized during later periods of starvation, the pres- 
ent data differ from those of French, Kohn, and Tang. The demonstra- 
tion of an R.Q. of 1.0 in two-day-old starved cells indicates that this sub- 
strate cannot be lipid, but must also be carbohydrate in nature. The 
studies of Spoehr and co-workers (9) have shown that lipid-like materials 
may accumulate in Chlorella under certain conditions of culture. At pres- 
ent, however, there is no reliable evidence of a lipid respiration in Chlo- 
rella. 

There remains the question as to just what constitutes a truly endog- 
enous respiration or Eigenatmung in Chlorella. From the standpoint of 
common usage all of the later data describe the endogenous respiration 
since no usable substrate was supplied. The time course of respiratory 
behavior, however, suggests a more critical examination. The initial high 
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rate shows a gradual decrease and then a comparatively rapid transition 
to the final low rate which remains constant for many hours (and prob- 
ably for several days). The transition to the final rate is coincident with 
the disappearance of starch. During the initial period when starch is the 
principal substrate a reduction of nitrate may occur. All of these char- 
acteristics suggest that a truly endogenous respiration in Chlorella occurs 
only after prolonged starvation. 


Summary 


1. Photosynthetic and respiratory activity and certain cellular char- 
acteristics of Chlorella pyrenoidosa have been studied as a function of time 
of starvation (0—5 days) in darkness. 

2. The rate of photosynthesis under light and carbon dioxide satura- 
tion decreases only about 20 per cent. during five days of starvation. 

3. The most marked effect of starvation is the decrease in the rate of 
endogenous respiration. An initial high rate persists up to a time cor- 
responding to the disappearance of starch and is followed by a low rate 
which approaches a constant value. It is inferred that only the final rate 
represents a truly endogenous respiration. 

4. Over a two-day period of starvation the R.Q.’s closely approach 
values characteristic of carbohydrate metabolism. No evidence for an ap- 
preciable lipid metabolism could be found. 


This work was supported by a grant from the University of Texas Re- 
search Institute. 
THE UNIVERSITY OF TEXAS 
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THE RELATIONSHIP OF RIBOFLAVIN AND ASCORBIC ACID TO 
CARBOHYDRATE AND NITROGEN FRACTIONS IN IMMA- 
TURE OAT PLANTS AS INFLUENCED BY 
MINERAL DEFICIENCIES' 
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A previous publication (38) has described experiments in which the 
concentrations of riboflavin and ascorbic acid in immature oat plants were 
shown to be influenced by the omission of single nutrient ions from an 
otherwise complete nutrient solution. 

In an attempt to determine more clearly the effect of the mineral de- 
ficiencies upon riboflavin and ascorbic acid synthesis, the plant material 
was analyzed for certain nitrogen and carbohydrate fractions. The present 
paper shows how these nitrogen and carbohydrate fractions are influenced 
by the different cultural treatments and in turn how the various fractions 
are related to the riboflavin and ascorbic acid concentrations. 


Materials and methods 


The plants were grown in the greenhouse in pots containing gravel that 
were subirrigated by the nutrient solutions. In addition to a complete 
nutrient solution, six deficient solutions were used, each lacking one of the 
following nutrients: 


1. potassium (— K) 4. nitrate (— NO;) 
2. ealeium (— Ca) 5. sulphate (—SO,) 
3. magnesium (— Me) 6. phosphate (— PO,) 


The oats (Illinois 30-2088) were planted on March 16, 1942 with about 
twenty seeds per pot. The plants were grown for 21 days in a complete 
nutrient solution and were then transferred to a deficient solution. The 
plants were harvested April 25, 1942, 42 days after seeding. At harvest, 
the plants had an average of seven well-developed leaves and were just 
starting to joint. Each sample was a composite of the parts from approxi- 
mately 175 plants. A complete description of cultural conditions, sampling 
methods and appearance of the plants at the time of harvest is given in 
the previous paper (38). 

Separation of the soluble and insoluble nitrogen was accomplished by 
extracting repeatedly with small portions of boiling water a one-gram 
sample of the finely ground (60 mesh) air-dry tissue. The insoluble resi- 


1 The expenses incurred in the present study were borne in part by a grant from 
the Cerophyl Laboratories, Inc., Kansas City, Missouri. 

2 Present address: Oak Ridge National Laboratory, Biology Division, Oak Ridge, 
Tennessee, 
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due was collected on a filter pad, dried, weighed and transferred to a 
Kjeldahl flask. The Kjeldahl-Gunning-Arnold method (1) was used to 
determine the nitrogen in the insoluble residue. Total nitrogen was de- 
termined by the method of Perkowrrz and Suive (21) using metallic 
selenium as a catalyst. The soluble nitrogen was calculated as the differ- 
ence between the total nitrogen and the insoluble nitrogen. 

The carbohydrate determinations were made by the techniques de- 
scribed by Hernze and Murneek (14) using the Shaffer-Somogyi copper 
reagent. An aliquot was hydrolyzed with hydrochloric acid and non-reduc- 
ing sugars were calculated as the difference between the total sugar and 
the reducing sugar. Staren was hydrolyzed with saliva. All values are 
expressed in terms of glucose. 


Results and discussion 
THE INFLUENCE OF MINERAL DEFICIENCIES ON NITROGEN FRACTIONS 


The data on the nitrogen composition are given in table I. The plants 


TABLE I 


CONCENTRATION OF DIFFERENT FORMS OF NITROGEN IN OAT PLANTS GROWN IN MINERAL 
DEFICIENT SOLUTIONS 


(RESULTS BASED ON OVEN-DRY WEIGHT ) 








INSOLUBLE SOLUBLE N 


Ju SOLUBLE INSOL. N 
ent 2 N Sraeenn an vile ene. ieee 
7 m F (PROTEIN ) ; OF TOTAL N SoL. | 

% % % % 
LEAVES 
Control 5.61 3.03 2.58 46 1.17 
-K 5.38 2.70 2.68 49 1.01 
-—Ca 4.79 2.60 2.19 45 1.19 
—-Mg 5.00 2.34 2.66 53 0.88 
- NO, 2.07 1.48 0.59 28 2.51 
- SO, 4.88 2.81 2.07 42 1.36 
- PO, 5.18 3.00 2.18 42 1.38 
STEMS 
Control 4.67 1.43 3.24 69 0.44 
-K 4.70 1.20 3.50 74 0.34 
—Ca 4.55 1.22 3.33 73 0.37 
—-Mg 4.75 1.33 3.42 72 0.39 
— NO, 1.09 0.62 0.47 43 1.32 
-SO, 3.92 1.27 2.65 68 0.48 
—- PO, 3.89 1.22 2.67 69 0.46 
Roots 
Control 3.67 1.38 2.29 62 0.60 
-K 3.69 1.36 2.33 63 0.58 
—Ca 3.82 1.48 2.34 61 0.63 
—Mg 3.74 1.44 2.30 62 0.62 
—NO, 1.04 0.67 0.37 45 1.84 
~So, 3.24 1.41 1.83 56 0.77 


- PO, 3.50 1.28 2.22 63 0.58 
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grown in the deficient solutions all had a lower total nitrogen concentra- 
tion in their leaves than did the control plants. Because of the limited 
amount of nitrate which had been made available to these plants, the con- 
centration of water soluble nitrogen was 20-25 per cent. of that found in 
plants of any of the other treatments. The concentration of insoluble 
nitrogen was approximately 50 per cent. of that found in the other plants. 
The greater decrease in soluble nitrogen as compared to insoluble nitrogen 
resulted in an insol. N: sol. N ratio about double that found in the other 
plants. However, this increase in the insol. N: sol. N ratio cannot be said 
to be an increase in ability to synthesize ; it merely illustrates that when no 
N is supplied most of that which is already in the plant is synthesized to an 
insoluble form. This relationship was true in the leaves, stems, and roots. 
RicHarDs and TEMPLEMAN (25) working with barley leaves found that a 
nitrogen deficiency apparently did not interfere with the normal cycle by 
which soluble nitrogenous substances were converted into protein, but 
exerted its influence mainly through the limitation of the supply of nitro- 
gen for the synthesis of simple organic nitrogenous compounds. The data 
of Siperis, YouNG and Cuun (29) indicated a constant ratio for protein: 
soluble organic N in the chlorophyllous portion of pineapple leaves on high 
and low nitrate. In the present experiment the insol. N: sol. N ratio was 
approximately doubled in the plants that received no nitrogen during the 
last half of their growing period. This increased ratio was largely due to 
the decrease in soluble nitrogen. This may indicate that the plants were 
efficient in converting the available soluble nitrogen into protein. Since 
our present data do not indicate the nature of the soluble nitrogen frac- 
tion it is impossible to say what synthetie processes may have been influ- 
enced by the lack of nitrate in the nutrient solution. 

In the leaves of the —- K and — Mg plants the ratio of insol. N: sol. N was 
slightly lower than that of the control plants for leaves and stems. The 
concentration of both fractions in the leaves of the -Ca plants was lower 
than the controls but was present in the same proportions as found in the 
control plants. The concentration of insoluble and soluble nitrogen in the 
leaves of the - SO, plants was lower than that found in the controls but 
the ratio of insol. N: sol. N was slightly higher. The — PO, plants showed 
an increased ratio similar to that in the —SO, plants but in this case the 
change was largely due to a decreased concentration of soluble nitrogen. 

Comparing the leaves with the stems and roots of the plants on all 
treatments it is seen that the proportion of soluble nitrogen to total nitro- 
gen is greater in the stems and roots than in the leaves. This reflects the 
greater synthetic ability of the leaves for the formation of insoluble forms 
of nitrogen. 

A number of workers (10, 25, 27, 33) have found that potassium de- 
ficiencies have resulted in the accumulation of soluble nitrogen compounds 
and that adequate supplies of potassium are apparently necessary for nor- 
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mal protein synthesis. Calcium has been suggested as functioning in some 
step in nitrate reduction in plants (4, 30). Earon (5) has reported that 
sulphur deficiency resulted in a decrease in the insol. N: sol. N ratio sug- 
gesting a limitation in the synthesis of cystine and methionine. RicHarps 
(24) and Ricwarps and TempLeMAN (25) have observed that phosphorus 
deficiency resulted in lowered insoluble nitrogen and increased soluble 
nitrogen in barley plants. 

While in many instances our data agree with what other workers have 
found, it is felt that we have insufficient data from which to draw any 
specific conclusions regarding the function of the nutrient elements studied 
in nitrogen metabolism. Since the same general relationship as was found 
in the — NO, plants between soluble and insoluble nitrogen was also found 
in the other treatments, we may be dealing here merely with a decrease in 
the amount of nitrogen absorbed rather than with any specific metabolic de- 
rangement of the protein cycle. 


THE INFLUENCE OF MINERAL DEFICIENCIES ON CARBOHYDRATE FRACTIONS 


The response of the carbohydrate fractions to nutrient deficiencies is 
more striking than that of the nitrogen fractions, but at the same time is 
more difficult to interpret. The values for the sugar and starch content of 
the oat plant are given in table II. 

Although the — K plants did not show any distinct outward evidence of 
potassium deficiency (38) the results of the carbohydrate analysis clearly 
indicate a disturbed metabolism. In the leaves of the —K plants, non- 
reducing sugars were entirely absent while reducing sugar and starch were 
present in only about half the concentrations found in the control plants. 
In the stems non-reducing sugar was present but in an amount far below the 
controls. Reducing sugar was present in greater concentration than in the 
controls. In the roots non-reducing sugar was again absent, as with other 
plants, and the reducing sugars were low. Starch was normal in the stems 
and roots. The increased amount of reducing sugar in the stems may be an 
indication of the translocation of sugar from lower leaves to the growing 
points. The results reported here are similar to the results of other investi- 
gations. Harrr (12) found that there was a positive correlation between 
the amount of total sugar stored in sugar cane stems and the amount of 
potassium supplied to the plant, i.¢., plants low in potassium were also low 
in sugar. She also reported that the ratio of reducing sugar to sucrose was 
high. GreGcory and Baptiste (9) and Grecory and Sen (10) reported the 
low sugar content of potassium-deficient plants to be due both to a low rate 
of CO, assimilation and an abnormally high respiration rate. Siperis and 
Youne (26) found that in pineapple plants the total sugars in leaves of low 
K plants were greater than in high K plants. Most of their differences were 
in the reducing sugar content since in most cases sucrose was lower in low 


K leaves. This would give a high ratio of reducing sugar to sucrose in the 
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low K plants. Strewarp and Preston (34) on the other hand reported that 
an increase in potassium concentration in the external medium for potato 
tuber slices caused a decrease in the total sugar concentration. 

The — NO, plants were very high in sugar. The stems were especially 
high in both sugar fractions and the — NO, roots were the only ones which 
contained any non-reducing sugar. The accumulation of sugar in nitrogen 
deficient plants might be expected since the synthesis of protein, for which 


TABLE I1 


CONCENTRATION OF SUGARS AND STARCH IN OAT PLANTS GROWN IN 
MINERAL DEFICIENT SOLUTIONS 


(RESULTS BASED ON OVEN-DRY WEIGHT) 




















NUTRIENT TOTAL REDUCING tps ot = Seance 
SOLUTIONS SUGAR SUGAR (SUCROSE) SUCROSE 
% % % % 
LEAVES 
Control 4.60 2.24 2.36 0.95 0.45 
-K 1.52 1.58 0.00 0.20 
-Ca 6.80 2.56 4.24 0.60 0.30 
—-Mg 6.12 2.36 3.76 0.63 0.60 
- NO, 7.00 2.48 4.52 0.55 0.48 
-80, 4.52 1.80 2.72 0.66 0.30 
- PO, 4.12 2.00 2.12 0.94 0.35 
STEMS 
Control 4.00 2.60 1.40 1.86 0.55 
-K 3.52 2.84 0.68 4.18 0.48 
-Ca 3.04 1.94 1.10 1.76 0.75 
—-Mg 3.00 2.44 0.56 4.35 1.50 
- NO, 8.20 5.16 3.04 1.70 0.55 
-SO, 3.52 2.70 0.83 3.25 0.60 
- PO, 3.88 2.7 1.14 2.40 0.55 
Roots 
Control 1.52 1.22 0.29 0.45 
—-K 0.68 0.71 0.48 
—-Ca 0.80 0.87 0.60 
-~Mg 0.80 0.78 0.80 
-~ NO, 2.40 1.33 1.07 0.88 
- SO, 1.12 0.96 0.16 0.43 
- PO, 1.28 1.04 0.24 0.50 


large amounts of sugar are utilized, is curtailed by lack of nitrogen. <Ac- 
cording to Gregory and Baptiste (9) and Grecory and Sen (10) there 
is not only reduced protein synthesis in N starved leaves, but also a much 
reduced rate of respiration and an increased rate of CO, assimilation, the 
conditions opposite to that found in K starved plants. Siperts and Youne 
(28) found that pineapple plants grown on a high N medium contained a 
greater percentage of sugar in the leaves than did those of plants grown on 
low N whether supplied as nitrate or ammonia. The starch content of 
-- NO, leaves and stems was normal but in the roots starch was high. 











270 PLANT PHYSIOLOGY 


The — Mg plants had a much higher total sugar content in the leaves 
than the controls and a higher starch content in all organs. The reducing 
sugar content of the leaves and stems was normal but non-reducing sugars, 
which are usually considered to be a storage form, were high in the leaves 
and low in the stems. These data are even more surprising in view of the 
highly chlorotic condition of the leaves. Magnesium of course plays a cen- 
tral role in carbohydrate synthesis as a constituent of chlorophyll. Several 
enzymes, such as enolase, carboxylase, ete., which may be involved in the 
respiratory cycle have been shown to require magnesium (87). Amylases 
have not been reported to require magnesium although the amylases of 
green leaves have not been studied in this connection. GaRNeER, et al. (7) 
have studied the biochemical changes in tobacco leaves resulting from a soil 
deficiency of magnesium. They noted a reduction in the starch reserves 
together with slight increases in sugar and organic acids. They concluded 
that except in severe cases and advanced stages the effect of magnesium de- 
ficiency involved little more than the interferences of assimilation, due to 
the breaking down of chlorophyll. 

The — Ca plants showed a trend in sugar content similar to the — Mg 
plants. Total sugar and especially non-reducing sugar in the leaves were 
higher and total sugar and non-reducing sugar in the stems lower than in 
the controls. Reducing sugar was low in the roots with non-reducing sugar 
again absent. The starch content of the — Ca leaves was below that of the 
controls but even though higher than the controls in the stems and roots 
the starch content did not reach the extremes obtaining in the —Mg plants. 

A sulphate deficiency brought about a marked drop in the ratio of re- 
ducing sugar to non-reducing sugar in the leaves caused by a decrease in 
reducing sugar and an increase in non-reducing sugar. In the stems the 
opposite condition exists with more reducing sugar and less non-reducing 
sugar. The total sugar content of the leaves was normal but the starch con- 
tent was low. Starch was normal in the stem and roots. These results are 
in accord with those of Eaton (6) with respect to sulphur deficiency in 
mustard but in sulphur-deficient sunflower plants (5) he found that the 
sucrose content was lower than normal. 

The phosphorus content of the — PO, plants, although approximately 
one-third that of the control plants (38), was apparently not low enough to 
have any appreciable effect on the carbohydrate metabolism. GREGORY 
and Baptiste (9) observed that phosphorous deficiency had little effect 
upon the total sugar content of barley leaves but caused an increase in re- 
ducing sugar. 

It should be noted that strictly speaking the present investigation was 
not a ‘‘deficiency’’ experiment. The plants were grown for three weeks 
in a complete nutrient solution before being shifted to deficient solutions. 
This was done to insure adequate plant material for an analytical study of 
the nitrogen and carbohydrate fractions, riboflavin and ascorbic acid. 
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There is rather adequate evidence (3, 8, 19, 20) that amounts of nitrogen, 
potassium, phosphorus and perhaps other nutrients can be absorbed by 
cereal plants during early vegetative growth to provide for much of their 
future growth. The plants growing in the deficient solutions probably 
were not typical of ‘‘deficient’’ plants. The important point is that these 
treatments altered the chemical composition of the plants so that the in- 
fluence of the various nitrogen and carbohydrate fractions on the riboflavin 
and ascorbie acid concentrations could be studied. 


THE RELATIONSHIP OF RIBOFLAVIN AND ASCORBIC ACID TO CARBOHYDRATE 
AND NITROGEN FRACTIONS 


Simple (first order) correlation coefficients were calculated (31) for all 
possible relationships among the various constituents. The results are sum- 
marized in table III. Only the correlation of riboflavin with the nitrogen 


TABLE III 


SIMPLE AND PARTIAL CORRELATION COEFFICIENTS RELATING ASCORBIC ACID AND RIBOFLAVIN 
CONCENTRATION IN LEAVES OF OAT PLANTS TO THE CONCENTRATION OF 
NITROGEN AND CARBOHYDRATE FRACTIONS 





























SIMPLE CORRELATION COEFFICIENTS PARTIAL CORRELATION COEFFICIENTS 
(ZERO ORDER) (FIRST ORDER) 
FUNCTION COEFFICIENT FUNCTION COEFFICIENT 

TRNy 0.890t 

rRNs — 0.767* 

rRN, 0.947t 

TRS, -— 0.701 

TRS, — 0.594 

TRSxr — 0.599 

TAS, — 0.337 TAS,. Mg — 0.939+ 

rAS, — 0.366 rAS,.Mg — 0.864* 

TASxe — 0.325 TASxe . Mg — 0.916* 

"KS, — 0.0588 rAS,.K — 0.345 

™ gS, — 0.657 "MgS,.K — 0.807 
‘ rKS,;. Mg — 0.833* 





Symbols of functions are: A=ascorbie acid; R=riboflavin; N,=total nitrogen; 
Ns=soluble nitrogen; N,=insoluble nitrogen; S;=total sugar; Sp,=reducing sugar; 
Syre=non-reducing sugar; Mg= magnesium; K = potassium. 

(*) Significant at the 5% level. 

(+) Significant at the 1% level. 


fractions was significant. From these data it would appear that the con- 
centration of riboflavin is highly correlated in a positive direction with the 
total nitrogen content of the seven pooled samples. Riboflavin is also cor- 
related in a positive direction with the insoluble nitrogen fraction in the 
leaves of the seven pooled samples. The high negative correlation which 
exists between riboflavin and the soluble nitrogen is not unexpected since 
this value was obtained by difference from the total and insoluble analyses. 
Correlation coefficients for data on stems are not given because none are 
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probable at the 5 per cent. level but all are in the same direction as their 
corresponding coefficient for the leaves. It would be expected that the 
relationship of any constituent with proteins would be greatest in the leaf 
blades since they are generally believed to be the site of the bulk of protein 
synthesis. 

From a study of the composition of some field grown grass samples, 
Watson and Wynp (39) reported a positive correlation of riboflavin with 
total nitrogen and with insoluble nitrogen. The present experiment on 
plants grown under entirely different conditions confirms the earlier data. 

It cannot be determined from the data in table III whether riboflavin 
is conditioning the amount of protein found in the leaf, whether the re- 
verse is true, or whether they are independent of one another. However, 
certain theoretical considerations may suggest possible relationships. Ribo- 
flavin concentration may be dependent on nitrogen supply because, (a) 
riboflavin does have nitrogen in its molecular structure; (b) the enzymes 
which synthesize riboflavin may be dependent upon adequate supplies of 
nitrogen to attain optimum concentration in the cells. Riboflavin may 
play a role in protein metabolism as the prosthetic group of l-amino acid 
oxidase (2). Several workers (10, 32, 33, 34, 35, 36) suggest that oxidative 
deamination of amino acids plays a central role in the protein cycle. 

In its role in the respiratory cycle of sugars, riboflavin might be expected 
to be correlated with sugar content of the experimental plants. Negative 
correlations were found between riboflavin and sugar fractions but none 
were significant at the five per cent. level. 

While data presented in this paper are rather meager they nevertheless 
lend weight to the growing belief that riboflavin may play a key role in 
plant metabolism. Harrr’s data (13) with isolated sugar cane roots indi- 
cate that riboflavin may be important in the synthesis of sucrose from the 
monosaccharides. NicKERSON and Mu.uins (18) and Nickerson (17) 
found that both phosphorus exchange and polymerization in yeast were en- 
hanced by riboflavin and inhibited by dinitrophenol. 

Simple correlation coefficients relating ascorbic acid to sugar content 
of the leaves were calculated (table I11) but showed no significant correla- 
tions. In view of the suggested relationships between ascorbic acid and 
magnesium and potassium (38) partial correlation coefficients were caleu- 
lated relating ascorbic acid to sugar content, holding magnesium constant 
and potassium constant. Statistically significant negative partial correla- 
tions were then found between ascorbic acid and the sugar fractions when 
the interferring relationship of magnesium to sugar was removed (held 
constant) but not when potassium was held constant. Unlike the —K plants, 
the — Mg plants were high in both ascorbic acid and total sugar. 

The similarity between the structures of ascorbie acid and hexose has 
led a number of investigators to suspect that it may be produced directly 
from sugar. Rem (22, 23), Guna and Guosu (11) and Motprmann (16) 
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have found that the concentration of ascorbic acid increases with an in- 
erease in glucose content brought about by more rapid photosynthesis. 
However, Motprmann (16) found that in leaves in which large amounts 
of sugar were accumulated by means of ringing, the ascorbic acid concen- 
tration was not affected. Our results indicate that changes in sugar content 
of oat leaves as brought about by mineral deficiencies is associated with a 
correlative change in ascorbic acid. This relationship may be masked, how- 
ever, by factors which affect sugar content (in this case by Mg) independ- 
ent of ascorhie acid and therefore cause the true relationship to be over- 
looked. 

The age of the plant material-may be important in the present study. 
At the time of harvest the plants had just started to joint and the tissue 
was at a high level of anabolic activity. KonLer (15) and others have 
shown that the ascorbic acid concentration of cereal grasses is at a peak at 
this pre-jointing stage. Srperis and Youne (28) studied the effect of nitro- 
gen nutrition on the ascorbic acid content of the pineapple plant and 
found that the effect of the amount of nitrogen absorbed on the concentra- 
tion of ascorbic acid was a function of the age of the leaf. No relationship 
between ascorbic acid and nitrogen was noted in the work reported here. 


Summary 


Oat plants were grown for three weeks in a complete nutrient solution 
and were then transferred to solutions lacking single nutrient ions. At 
the end of three weeks growth in these deficient solutions the plants were 
harvested and the leaves, stems and roots were analyzed for riboflavin, as- 
corbie acid, total nitrogen, insoluble nitrogen, soluble nitrogen (by differ- 
ence), total sugar, reducing sugar, and non-reducing sugar (by difference). 

The omission of single nutrient ions from an otherwise complete nu- 
trient solution influenced the nitrogen fractions of the plant as follows: 

1. The leaves of the plants grown in the — NO, solution had less than 
half the total nitrogen concentration of the control leaves. Insoluble nitro- 
gen was one-half and soluble nitrogen one-fifth that of the control plants 
resulting in an extremely high ratio of insol. N: sol. N. The relationships 
in the stems and roots were similar. 

2. The leaves and stems of the — K and — Mg plants had a lower ratio 
of insol. N: sol. N than did the control plants. This lowered ratio was due 
largely to a decrease in insoluble nitrogen. 

3. The —Ca plants had a lower total nitrogen content than the control 
plants but the ratio of insol. N to sol. N was not altered. 

4. The total nitrogen content of the -SO, and — PO, plants was less 
than that of the control plants. The ratio of insol. N. to sol. N was greater 
in these plants than in the control plants due largely to a decrease in the 
sol. N fraction. 
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The carbohydrate fractions of the oat plants were affected as follows: 

1. The leaves and roots of the —K plants contained no non-reducing 
sugar and approximately one-half as much reducing sugar as the control 
plants. The stems of the —K plants contained some non-reducing sugar and 
slightly more reducing sugar than the control plants. Starch was lower in 
the leaves of the — K plants than in the controls. 

2. The stems, leaves, and roots of the — NO, plants contained greater 
amounts of the various sugar fractions than did the plants grown on any 
other treatment. The starch content of the —NO,; leaves and stems was 
about the same as the controls but the roots had about twice as much starch 
as found in the controls. 

3. The —Ca and — Mg plants behaved somewhat similarly as regard to 
their sugar and starch contents. The leaves had greater amounts of total 
and non-reducing sugars than the controls while the reducing sugar frac- 
tion was lowered. The starch content of leaves, stems, and roots was 
generally higher than that found in the controls. 

4. The — SQ, and — PO, plants did not show any outstanding differences 
in carbohydrate fractions when compared to the control plants. 

Riboflavin and ascorbic acid were related to the nitrogen and carbohy- 
drate fractions as follows: 

1. There was a high positive correlation between riboflavin and the 
total and insoluble nitrogen concentrations of the leaves of the seven pooled 
samples. 

2. No significant simple (first order) correlation was found between 
ascorbic acid and the sugar fractions. 

3. A significant negative partial correlation between ascorbic acid and 
the sugar fractions was found when the interfering relationship of magne- 
sium to sugar was removed (held constant). 
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EFFECT OF PHYTOHORMONES ON POTATO GROWTH AND THE 
SIZE OF THE STARCH GRANULES 


R. T. WHITTENBERGER and G. C. NUTTING 
Received October 25, 1948 


Zixa (18) and Matcuer and Zrka (11) found that treatment of potato 
seea pieces with indoleacetic acid resulted in an increased yield of tubers 
and in a considerably larger average size of the potato starch granules. A\l- 
though there was a temporary inhibition of sprouting associated with the 
phytohormone treatment, growth during the vegetative period was vigorous 
and surpassed that of the control plants. In this country a number of 
phytohormones have been used to retard sprouting of stored potatoes (3, 
4, 5, 7, 8, 9, 15), and data on the germination and growth of the treated 
tubers have been reported by Gururie (9), Datnes and CampBELL (3), 
VAN DER WAAL (17), and Puvsats et al. (13). In general, the treated pota- 
toes showed delayed germination, and the subsequent growth was inferior to 
that described by Zrka (18), MaLcuer and Zrka (11), and Trnxa et al. 
(16). The former workers (3, 9, 13, 17), however, made no observations 
on the size of the starch granules. 

We have attempted to duplicate Zrka’s (18) observations, using the 
Green Mountain variety of potatoes. Our principal interest was in the 
reported increase in the size of the starch granules of the offspring tubers 
and in determining whether increased size was accompanied by differences 
in starch composition and pasting properties. According to European 
potato starch standards, increased granule size would in itself improve the 
commercial quality of the starch (6). 


Methods 


Seed pieces of certified Green Mountain seed potatoes (Solanum tuber- 
osum lL.) were disinfected with 0.2 per cent. mercuric chloride. One lot 
was soaked for 26 hours in 63 p.p.m. of indoleacetie avid,’ a second lot was 
soaked in 63 p.p.m. of indolebutyriec acid and an untreated lot served as 
controls. <A total of 1750 seed pieces were planted in appropriate replicates 
on the Laboratory grounds. Fertilizer (5-10-10) was applied as a band 
at the seed level at the rate of one ton per acre. The plants were sprayed 
periodically with Bordeaux mixture, calcium arsenate, and nicotine sulphate 
(10), but the effectiveness of the spray was much diminished by the fre- 
quent rains during the summer of 1945. When the tubers were suffi- 
ciently mature (15 weeks after planting), some were dug at weekly in- 

1 Z1Ka (18) treated the variety Ackersegen with 63 p.p.m. of indoleacetic acid, and 
MALCHER and ZIKA (11) treated the varieties Parnassia, Robinia, and Rotschalige with 
10, 63, and 125 p.p.m., of indoleacetie acid. 
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tervals for measurement of the starch granules. Since the weather was 
excessively wet and growth was relatively poor during the experiment, it 
was repeated (except for the harvesting of tubers at weekly intervals) on 
a small seale (16 seed pieces for each treatment) the following year. In 
this experiment, the control seed pieces were soaked in water for 24 hours. 

For. the extraction of starch, unpeeled tubers were disintegrated in a 
Waring Blendor. The resulting slurry was passed through a 100-mesh 
sereen to remove coarse pieces of cork and then centrifuged. The super- 
natant layer, which microscopic examination showed was essentially free 
of starch, was decanted, and the settled layer (starch) was reslurried and 
recentrifuged. The starch was washed in this manner three times, then 
dried. Although the starch recovered was not of high purity, nearly all 
the original starch granules, except possibly some about a micron or less 
in diameter, were retained for the granule measurements. 

The long axis of the granules was measured with a calibrated Whipple 
ocular micrometer at a magnification of 440 diameters. Estimates were 
made to 0.2 division of the Whipple disc, equivalent to 4,08 microns. 
Seven hundred to 1000 granules from each sample were measured. Bar- 
HAM et al. (1) have shown that measurement of 500 granules is sufficient 
to determine the granule size distribution in a starch sample. 


Results 
GERMINATION AND GROWTH 


Treatment of seed pieces with indoleacetic acid and indolebutyrie acid 
retarded the rate of emergence of sprouts above the ground (table I). 
This retardation occurred in both an unfavorable growing season (1945) 
and in a favorable season (1946). In the former season, the hormone 
treatments also reduced total germination. The rate of emergence of 


TABLE I 


EFFECT OF INDOLEACETIC ACID AND INDOLEBUTYRIC ACID ON THE RATE OF GERMINATION 
OF GREEN MOUNTAIN POTATOES 











PERCENTAGE EMERGENCE OF SPROUTS ABOVE GROUND 

















1945* 1946+ 
TREATMENT ae 
Days after Planting Days after Planting 
27 38 48 54 12 19 21 23 26 
None 0 64 80 80 31 100 100 100 100 
Indoleacetic acid 0 20 60 64 0 0 63 100 100 
(63 p.p.m.) 
Indolebutyrie acid 0 18 52 64 0 0 44 94 100 
(63 p.p.m.) 


* Planted April 19. 
+ Planted May 15. 
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sprouts in all samples was comparatively slow during the unfavorable 
season. 

The yield of tubers per plant at maturity was decreased by the hor- 
mone treatments in both seasons (table II). The yield of tubers from 
plants treated with indoleacetic acid was decreased 17 per cent. in 1945 
and 24 per cent. in 1946. Most remarkable was the comparative increase 
in yield associated with the favorable growing season. For example, 
plants from seed treated with indoleacetic acid yielded 425 grams of tubers 
per plant in 1946, but only 137 grams per plant in 1945. Similar in- 
creases were obtained with the controls and with the samples treated with 
indolebutyrie acids. The hormone treatments had little effect on the 


TABLE II 


EFFECT OF INDOLEACETIC ACID AND INDOLEBUTYRIC ACID TREATMENTS ON YIELD AND 
STARCH CONTENT OF POTATO TUBERS IN 1945 AND 1946 








YIELD OF TUBERS PER STARCH CONTENT OF 











PLANT, GRAMS TUBERS, PER CENT. 
TREATMENT (FRESH BASIS ) (DRY BASIS) 
1945 1946 1945 1946 
eee dest oe 165 560 55 69 
Indoleacetie acid, 63 p.p.m. ..... 137 425 52 69 





Indolebutyrie acid, 63 p.p.m. 146 289 53 68 





starch contents of the resulting tubers. The average starch content (dry 
basis) increased from 53 per cent. in 1945 to 69 per cent. in 1946. 


STARCH GRANULE SIZE 


Table III shows a typical distribution of starch granule sizes. The 
starch was separated from potatoes grown from untreated seed pieces in 
1946. Measurements were made of the greatest dimension or diameter of 
the granules. The distribution was recorded at 4- (or 5-) micron inter- 
vals. The first column of the table lists, to the nearest integer, the mid- 
point of the intervals, D;. The second column gives the fraction of the 
granules in each interval, f;. The third column tabulates values of the 
product, f; D;. The sum of these is the granule diameter averaged for the 
number of granules measured, the ‘‘number-average’’ granule diameter, 
D, = 3f,D,. For this starch preparation, D, was 16.7 microns. When 
summed, the fourth column gives the ‘‘ weight-average’’ granule diameter, 
D,, or the diameter of the granule of average weight. D, =Sw,D,, where 

f,D,° . . ais _ ak te "a . 
Ww, = —-=~~ is the weight fraction of granules whose diameter is D,;. Dy is 
>f,D,° 
perhaps a more useful measure of granule size than D,, since D, empha- 
sizes the few large granules which contribute most of the weight of the 
starch. PD, for this starch was 42.5 microns. 
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Approximately 50 per cent. of the granules were 12 microns or less in 
diameter. The paucity of similarly small granules in the potato starches 
measured by Riprerton (14), Meiss et al. (12) and Baruam et al. (1) is 
attributable to the loss of small granules during the starch recovery 
process. The fourth column of table II] shows how little the small gran- 
ule fraction contributes to the average weight of the granule. 


TABLE III 


GRANULE SIZE DISTRIBUTION IN STARCH FROM UNTREATED GREEN MOUNTAIN POTATOES 
GROWN FOR 19 WEEKS IN 1946 











FRACTION OF 
GRANULES IN 








MEDIAN EACH DIA- 
GRANULE METER INTER f,D, w,D, 
DIAMETER, D, n, 
(MICRONS ) VAL, f, = = 
(PER CENT. ) 
4 9.3 0.37 0 
s 22.1 py 0.06 
12 20.4 2.45 0.31 
16 15.1 2.42 0.74 
20 10.9 2.18 1.98 
24 5.8 1.39 1.42 
29 5.7 1.65 2.99 
33 3.8 1.25 3.33 
37 2.1 0.78 2.89 
41 1.1 0.45 2.30 
45 0.9 0.41 2.70 
49 0.6 0.29 2.55 
53 0.7 0.37 4.08 
57 0.6 0.34 4.67 
61 0.5 0.31 5.12 
65 a 
69 0.1 07 1.66 
7 0.1 - 2.62 
82 .09 
86 0.1 — 3.83 
D,, = 16.66 microns’ D,, = 42.54 microns? 


1D, =number-average granule diameter = =f,D, 
_ . f,D,? 
2D,, = weight-average granule diameter = Sw,D,; w, = SEDs 
-_*} i 


The data of table IV indicate that treatment of potato seed pieces with 
the phytohormones did not materially alter the size of the starch granules 
subsequently produced. For example in 1946 the weight-average diameters 
of the granules from plants produced by untreated seed, by seed treated 
with indoleacetic acid and by those treated with indolebutyric acid were 
43, 42, and 44 microns, respectively. Similarly, in 1945 the weight-aver- 
age diameters of the granules from plants produced by untreated seed and 
by seed treated with indolebutyric acid and grown for 17 weeks were 35 
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and 34 microns, respectively. The size of the starch granule was related, 
in general, to the size and probably to the age of the tuber producing the 
granules. In 1945 the smallest granules (weight-average granule diameter 
19 microns) were obtained from the smallest and youngest tubers (from 
plants produced by seed treated with indolebutyric acid and grown for 15 
weeks). Small granules were obtained also from embryonic tubers pro- 
duced by untreated seed. The largest granules from the 1945 experiments 
originated in the largest tubers of full maturity (170 grams average weight). 


TABLE IV 


EFFECT OF INDOLEACETIC AND INDOLEBUTYRIC ACID TREATMENT OF GREEN MOUNTAIN 
SEED POTATOES ON SIZE OF STARCH GRANULES IN THE OFFSPRING TUBERS 











WEIGHT- NUMBER- 
PERIOD AVERAGE WEIGHT AVERAGE AVERAGE 


TUBER IN SAM- J ANU 

a OF OF TUBERINSAM- GRANULE GRANULE 
GROWTH, PLE TAKEN, DIA- DIA- 

WEEKS GRAMS METER, METER, 


MICRONS MICRONS 








1945 None 15 t1.3 24 13 
is 15 62 35 13 

si 16 25 36 15 

_ 17 147 35 15 

is 18 126 35 16 

19 129 38 16 

- 20 170 43 17 

" 20 112 40 16 
Indolebutyrie acid* 15 t0.7 19 11 

i a 16 33 32 15 

" ws 17 142 34 15 

ne - 18 132 38 15 

da - 19 94 35 6 

sa xy 20 95 37 17 

Indoleacetic acid* 20 105 39 15 

1946 None 19 approx. 140 43 17 
Indolebutyrie acid* 19 ai 140 44 17 
Indoleacetic acid* 19 " 140 42 17 





* Concentration was 63 p.p.m. 
+t These tubers were selected especially for their small size. 


However, no direct data were obtained concerning the relationship between 
age and size of tubers, and there were some cases in which comparatively 
small tubers produced disproportionately large granules. Baruam et al. 
(1) found that a late harvest of potatoes, in contrast with an early harvest, 
decreased the average granule size in two varieties, but increased the aver- 
age granule size in a third variety. Bice et al. (2) reported that starch 
granule size of wheat increased markedly up to 12 to 15 days after pol- 
lination, then remained relatively constant. 

Since no difference in granule size between starches from untreated 
and hormone-treated potato seed pieces was found, no other properties of 
the starches were measured. 
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Summary 


Treatment of Green Mountain seed potatoes with 63 p.p.m. of either in- 


doleacetic acid or indolebutyrie acid had almost no effect on the size of 
the starch granules in the offspring tubers. This is contrary to Zika’s 
report for other varieties. The hormone treatment delayed germination 
and decreased the yield of tubers during both a favorable and an unfavor- 
able growing season. Very small and young tubers contained predomi- 
nantly small starch granules; growth of the tubers was accompanied by 
an increase in average granule size. 
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THE APPLICATION OF THE TOTAL AVAILABLE CARBOHY- 
DRATE METHOD TO THE STUDY OF CARBOHYDRATE 
RESERVES OF SWITCH CANE (ARUNDINARA TECTA) 


Ivan LINDAHL, R. E. DAvis, ann W. O. SHEPHERD 
(WITH THREE FIGURES ) 


, Received December 13, 1948 


Plant physiologists and others interested in the periodic accumulation 
and depletion of the reserve carbohydrates in plants have long recognized 
the need for a rapid method for the estimation of the readily available 
carbohydrate fraction. This is especially true in applied studies such as 
those concerned with the efficient management of pasturage or forage 
plants. Undoubtedly, many worth while projects of an applied nature have 
never been undertaken because of the lack of time to carry out the tedious 
fractionation of the individual carbohydrate constituents. 

H. WEINMANN (9) has recently published a method for the determina- 
tion of the total available carbohydrates in plant material by a single de- 
termination. The present paper reports a summary of the studies on the 
analytical aspects of the method as well as its applicability to the study of 
the seasonal trends in the carbohydrate reserves in the storage organs of 
switch cane (Arundinara tecta), a plant readily grazed by cattle. 


Methods 

The samples were taken at monthly intervals, or oftener, from a re- 
stricted portion of a uniform stand of switch cane in the Hofmann Forest 
in eastern North Carolina. The cane averaged about four feet in height. 
Small blocks of sod were dug with stems intact and washed free of soil. 
Roots were removed and discarded. Rhizomes (including the underground 
portion of the stems), aerial stems, and leaves were divided into separate 
samples: 250 grams each of stems and rhizomes and 150 grams of leaves. 
To facilitate drying, stems and rhizomes were cut into short segments an 
inch or less in length. Leaves were collected only during the months when 
there was a reasonably abundant supply (June through December). 

There was some variation in the drying procedure due to the equip- 
ment available. The first five samples (April through June, 1947) were 
held in an oven at 100° C. for approximately one hour and then dried to 
constant weight at 70° to 75° C. without forced draft. The remainder of 
the samples were dried under forced draft at 70° C. The collections were 
made at a point more than 100 miles from the laboratory and, therefore, 
several hours (usually 6 to 18) elapsed before the samples were placed in 
the drying oven. After the samples were dried, they were shipped to the 
Agricultural Research Center, Beltsville, Maryland, where the analytical 
work was conducted. 
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The samples were prepared for the analytical work on carbohydrate 
content by grinding them in a miniature ball mill until the entire sample 
would pass through a 100-mesh sieve. 

The WEINMANN (9) procedure for the determination of total available 
carbohydrates and the semi-micro method for the estimation of reducing 
sugars by the same author (10) formed the basic techniques. The details of 
the methods used for the determination of starch and for the extraction of 
sugars are given in a later paragraph. 


Analytical studies 


Studies on the method for total available carbohydrates were directed 
especially at the deleading, hydrolysis, and enzyme digestion steps. 

Several investigators (3, 4) have used di-sodium hydrogen phosphate 
in preference to potassium oxalate as a deleading reagent, claiming that 




















TABLE I 
COMPARISON OF DELEADING REAGENTS IN THE RECOVERY OF TOTAL AVAILABLE 
CARBOHYDRATES 
DESCRIPTION T.A.C. WITH T.A.C, WITH 
or THE USE OF THE USE OF 
SAMPLE OXALATE PHOSPHATE 
per cent. per cent. 
Rhizomes 20.50 20.53 
Stems 9.36 9.30 
Rhizomes 23.42 23.47 
Stems 9.06 9.06 
Rhizomes 19.70 19.79 
Rhizomes 15.35 15.56 
Leaves . 8.11 8.36 
Leaves 5.56 5.49 
Leaves 6.62 6.74 








higher reducing values were obtained because of a slight loss of reducing 
sugars when the oxalate was used. Although Weinmann stated that he 
obtained complete recovery of dextrose and fructose when using potassium 
oxalate as the deleading reagent, in view of the fact that the oxalate does 
not remove all of the lead and that the solutions are heated after the de- 
leading step, we conducted an experiment with actual samples to ascertain 
any difference resulting from the use of the two reagents. The results in 
table I give the averages of duplicate determinations for total available car- 
bohydrates (T.A,C.) by the use of oxalate and of di-sodium phosphate. 
Although there was a slight tendency for higher results to be obtained with 
the di-sodium phosphate, the differences are within experimental error. 
As precipitates of lead oxalate are easier to filter than those of lead phos- 
phate, we preferred to use potassium oxalate as the deleading reagent. 
The procedure of letting the precipitates settle overnight in a refrigerator 
and allowing the lead oxalate precipitate to recrystallize undoubtedly over- 
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eomes some of the occlusion of reducing sugars objected to by some inves- 
tigators. 

Weinmann worked at an altitude of 5,740 feet while developing this 
method and he pointed out that it might be necessary to modify the con- 
dition of hydrolysis to avoid the loss of fructose at lower altitudes. Using 
a sample of highly purified levulose, we obtained a recovery of 102 per 
eent. after hydrolysis, proving that the conditions of the hydrolysis are not 
too severe, even at low altitudes. 

We found that the use of ‘‘Clarase’’' was preferable to dialyzed taka- 
diastase for the enzyme digestion. The use of a 0.5 per cent. solution of 
this enzyme preparation not only avoided difficulties in dialyzing the solu- 
tion, but also enabled us to use larger samples than those recommended by 
Weinmann. The use of these larger samples cut the dilution factors con- 
siderably and thereby increased the accuracy of the determinations. 

The following precautions familiar to the carbohydrate chemist should 
be observed by the analyst using this method. (a) The treatment with 
lead salts and the subsequent removal of the excess is a critical step and 
two precautions recommended by Loomis and Suuuui (5) should be ob- 
served. First, do not add the lead salt to warm solutions, and second, do 
not allow the solutions to stand before filtering and deleading or the re- 
ducing sugars, particularly fructose, will be destroyed. (b) When neu- 
tralizing the solutions after hydrolysis, an excess of sodium hydroxide 
should be avoided as it will lead to the destruction of fructose. We added 
the sodium hydroxide solution dropwise until methyl red indicator began 
to change color and then added a drop or two of dilute hydrochloric acid. 


Modifications of the semi-micro method for the 
estimation of reducing sugars 


Several modifications were made in Weinmann’s method for the esti- 
mation of reducing sugars. A glass stirring rod was placed in the cen- 
trifuge tube to aid in the mixing of the sugar extracts and the Fehling’s 
solution, and to aid in the washing and dissolving of the copper precipitate. 
We found that the precipitate was much easier to break up with the stirring 
rod than by the technique used by Weinmann. The stirring rod was 
washed off with hot water and placed in a small bottle during the cen- 
trifuging period. The precipitate was then given an additional washing 
to that recommended in the original method since much sharper end-points 
were obtained on some of the samples. ScHoort and ReGeNBOGEN (7) and 
others (2) have found that the cuprous oxide precipitate undergoes rapid 
oxidation when dissolved in acidified ferric sulphate solution, resulting in 
unsatisfactory results when the permanganate was standardized in the 
usual manner, but that satisfactory results were obtained if an aqueous 


1**Clarase’’ is the trade name for a highly purified and concentrated takadiastase 
preparation. 
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solution of ferric sulphate was used to dissolve the precipitate and the acid 
added immediately before the titration. To avoid oxidation, the precipi- 
tate was dissolved by addition of an aqueous ferric ammonium sulphate solu- 
tion. This solution was prepared by dissolving 240.9 grams of ferric am- 
monium sulphate in 600 ml. of water. The solution was filtered and an 
aliquot was acidified and titrated with standard permanganate, the caleu- 
lated amount of permanganate was then added to reoxidize any ferrous 
ion that was present, and the solution made to a volume of one liter. 
Four ml. of this solution was used to dissolve the precipitate and 2 ml. ‘of 
1:1 sulphuric acid by volume was added to the solution immediately be- 
fore the titration. 

To check the reproducibility of the results, the duplicates of each 
sample were analyzed in different runs. The deviation between duplicates 
averaged 1.84 per cent. on a total of 48 samples and 1.42 per cent. on the 
last 21 samples using the modifications pointed out above. This reproduci- 
bility is well within the 5 per cent. limit which is usually considered to be 
sufficiently accurate for studies of this type. 


Application of the method to the study of carbohydrate reserves 
in switch cane 


We found that the only carbohydrates present in the switch cane plant 
as reserve materials are simple sugars and starch polysaccharides, fruc- 
tosans and inulin being entirely absent. Total sugars and starch poly- 
saccharides were determined on a number of samples to determine the de- 
viation between the results obtained by the total available carbohydrate 
method and by the fractionation method. 

The technique for the extraction of the sugars was a modification of 
that in the A.O.A.C. (1) methods for the extraction of sugars from feed- 
stuffs and from plant material, i.c., we combined the more rapid extraction 
used for the feedstuffs with the higher percentage of alcohol used in the 
extraction of plant material (final percentage of alcohol to equal 80 per 
cent. by volume). The method is outlined as follows: 5 grams of finely 
ground material (100-mesh) was weighed into a wide-necked, rubber stop- 
pered 250-ml. volumetric phosphoric acid flask. A small amount of cal- 
cium carbonate was added to neutralize any acidity and 125 ml. of 60 per 
cent. aleohol by volume was added (the aleohol was purified by refluxing 
over sodium hydroxide and then redistilled to remove any reducing sub- 
stances present). The material was boiled for one hour. To avoid bump- 
ing, the mixture was stirred constantly with a stirring motor. A double 
loop of one-eighth inch glass tubing inserted into the neck of the flask 
served as an efficient condenser. The mixture was allowed to stand over- 
night and then made up to volume with purified, redistilled absolute alco- 
hol, was mixed and filtered through S&S sharkskin filter paper. Two hun- 
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to 20-30 ml. The evaporation time was reduced considerably by using a 
combination of infra-red lamps and a steam bath for the evaporation. The 
material was transferred to a 100-ml. volumetric flask and the beaker 
rinsed thoroughly with hot water, adding the rinsings to the flask. Enough 
saturated neutral lead acetate solution was added to produce a floeculent 
precipitate, the mixture was allowed to set for 15 minutes, was made to 
volume, and filtered through a dry filter. Sufficient potassium oxalate or 
di-sodium hydrogen phosphate was added to precipitate all of the lead. 
If potassium oxalate was used, the solutions were allowed to stand over- 
night in a refrigerator. The solutions were filtered again through a dry 
filter, and an aliquot was taken for the inversion to total sugars by the 
A.O.A.C. method (1). 

The methods available for the direct estimation of starch are either 
tedious or not entirely suitable for this type of material. Although, taka- 


TABLE II 


COMPARISON OF CALCULATED AND OBSERVED STARCH VALUES 





DESCRIPTION Se a ae eee eee eh 
i> aateren CALCULATED VALUE OBSERVED VALUE 
per cent. per cent. 

Rhizomes 14.37 14.73 
Rhizomes 19.69 19.94 
Rhizomes 8.74 8.48 
Rhizomes 8.71 8.35 
Rhizomes 3.91 4.07 
Rhizomes 12.46 12.53 
Rhizomes ; 15.80 15.50 
Stems 6.65 6.74 
Stems 5.24 5.39 
Leaves 3.11 1.09 
Leaves ........ 2.62 0.95 





diastase methods are commonly employed for the estimation of starch, we 
decided to use a method that was fundamentally different for our direct 
starch determinations. SuLuivan (8) and NiemMAN, Roperts, and Link 
(6) have developed methods for the estimation of starch in woody material. 
We found that Sullivan’s method was not suitable for this material as a 
considerable portion of the starch polysaccharides present in some of our 
samples was either dextrin or soluble starch which interfered with the 
precipitation and filtration of the starch-iodine complex. Although the 
method of Nieman, Roberts, and Link may give slightly high results, it is 
quite rapid as compared with ordinary starch determinations and gives 
fairly consistent results. We used the last named method for the deter- 
mination of starch on a number of selected samples. A comparison be- 
tween the observed and the calculated starch values for a number of sam- 
ples is given in table II. The caleulated starch value was obtained by 
multiplying the difference between the value for the total available carbo- 
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hydrates and total sugars (both calculated as dextrose) by the starch fac- 
tor, 0.9. 

The deviations between the calculated and observed starch values for 
the rhizome and stem samples are well within 5 per cent. The greater 
discrepancies noted in the leaf samples are probably due to the takadias- 
tase hydrolysis of carbohydrate groupings occurring in protein and pectic 
material present in leaf material. The differences between the values ob- 
tained by the total available carbohydrate method and by the fractionation 
method that were observed by us are not as great as those reported by 
Weinmann, a finding which could be due to differences in the type of 
material analyzed or to differences in the methods used for the fractiona- 
tion or to both. 


Correlation of total available carbohydrate values with seasonal growth 
and development of the switch cane 


Values obtained for total available carbohydrates and total sugars in 
samples of switch cane collected over a period of one year are presented in 
table III and illustrated in figures 1, 2, and 3. 


TABLE III 


ANALYTICAL DATA ON SAMPLES OF SWITCH CANE COLLECTED DURING A ONE YEAR PERIOD 

















TOTAL SUGARS TOTAL AVAILABLE CARBOHYDRATES 

DATE —— — pnt : 

LEAVES STEMS RHIZOMES LEAVES STEMS RHIZOMES 

per cent. per cent. per cent. per cent. per cent. per cent. 
4/4/47 4.26 6.55 7.21 16.34 
4/25/47 2.62 3.88 4.72 13.56 
5/8/47 3.19 3.09 4.61 15.76 
6/6/47 5.28 3.76 4.68 8.74 5.35 9.02 
6/20/47 3.17 3.76 3.81 5.77 5.80 15.20 
7/18/47 4.49 4.43 5.75 7.07 8.87 19.60 
8/18/47 3.77 4.09 4.64 6.44 7.38 22.36 
9/23/47 3.47 4.03 4.30 5.41 10.12 25.12 
10/21/47 4.10 3.84 4.13 7.01 11.23 26.01 
11/26/47 3.50 4.04 4.09 6.25 11.39 23.36 
12/23/47 3.69 5.02 5.57 6.21 10.84 21.56 
1/19/48 5.73 5.96 10.05 22.17 
2/19/48 5.92 7.07 9.76 25.27 
3/15/48 4.25 5.87 8.23 21.08 
4/19/48 3.87 4.77 6.40 22.00 


These data reflect great seasonal fluctuations in the plants’ food re- 
serves, especially in the rhizomes. The level of total available carbohy- 
drates in the rhizomes varied from 9 per cent. in June to 26 per cent. in 
October. For the stems, comparable values ranged from 4.6 to 114 per 
eent. This indicates that the rhizomes serve as the most important storage 
reservoir, but that the perennial stems may also function in a similar 
capacity. Relatively minor fluctuations occurred in the leaves. 
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Fic. 1. Fluctuations of the total available carbohydate and total sugar reserves 
in switch cane rhizomes during 1947-1948. 


The stages of growth and development of the cane recorded on the 
sampling dates are as follows: 

April 4, 1947—Dormant. 

April 25—Growth beginning; rolled first leaves protruding from old 
sheaths. 

May 8—First leaf stage. 

June 6—Early third leaf stage. 
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Fie. 2. Fluctuations of the total available carbohydrate and total sugar serves in 
switch cane stems during 1947-1948, 
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June 20—Fourth leaf stage. 

July 18—Full leaf; current foliage production on old stems virtually 
completed. 

June 20 to August 18—Growth period of new stems from underground 
rhizomes (only a few new stems produced this season on this site). 

September 23—Growth apparently dormant; older leaves acquiring a 
yellowish cast due to minute chlorotic spots. 

October 21 to December 23—Dormant. Leaves dropping. 

January 19 to March 15, 1948—-Dormant. Most leaves have fallen. 

March 15—Inception of growth; tips of earliest leaves barely visible. 

April 19—Early first leaf stage. 
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Fig. 3. Fluctuations of the total available carbohydrate and total sugar reserves in 
switch cane leaves during 1947-1948. 


Most rapid foliage production occurred between May 8, and June 20. 
Total available carbohydrate determinations indicated a rapid depletion 
of food reserves in rhizomes and stems during the same period, as would 
be expected. After the third leaf stage (June 6), total available carbo- 
hydrates accumulated in the storage organs until late October when the 
leaves became chlorotic and began to fall. Thereafter, there was a gen- 
eral decline in the carbohydrate content of stems and rhizomes through 
the winter and early spring months, presumably due to consumption by 
respiration processes. No good explanation is offered for the erratic value 
obtained in the total available carbohydrate determination for rhizomes on 
February 19, 1948. Perhaps an unusual sample was collected on that date. 
Also, the slight increase in total available carbohydrates of rhizomes after 
the beginning of growth in 1947, as indicated by the sample of May 8, 
may be due to vagaries of sampling although a similar trend is suggested 
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by the sample of April 19, 1948. Such irregularities will be checked in 
future studies. Otherwise, the results obtained were consistent and logical. 

The fact that food reserves were higher at the beginning of the 1948 
growing season than at the corresponding period in 1947, can be explained 
by the fire history of the cane stand. Following an intense burn in April, 
1945, the cane made prompt and vigorous regrowth. This complete re- 
placement of the perennial woody stems must have seriously depleted the 
food reserves of the rhizomes. Presumably, the reserves were still being 
replenished in 1947. 

Sugar content of the storage organs fluctuated in a rational manner, 
but only to a limited extent in comparison with total available carbohy- 
drates. Total sugars provided no index to the relative level of the plants’ 
food reserves at any period. 

Determination of total available carbohydrates, as measured by the 
single analysis employed in this study, appears to be adequate for detect- 
ing seasonal fluctuations in the food reserves of switch cane. It is antici- 
pated that this method will also be useful for evaluating the effects of 
grazing treatments or other practices used in studies of switch cane man- 
agement. 

Summary 


Studies of the analytical aspects of the method for the determination 
of the total available carbohydrates and the applicability of this method 
to the study of the carbohydrate reserves in the switch cane (Arundinara 
tecta) plant have been made. The method is well adapted to routine de- 
terminations, is much more rapid than the ordinary fractionation studies, 
and is suited to studies of the variations in the varbohydrate reserves of 
the Arundinara tecta plant. 


The authors wish to acknowledge the helpful advice and suggestions of 
N. R. Ellis during this investigation. 
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CHANGES IN CHEMICAL COMPOSITION OF THE STEMS OF RED 
KIDNEY BEAN PLANTS TREATED WITH 2, 
4-DICHLOROPHENOXYACETIC ACID’ 
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TAYLOR and CHARLES L HAMNER 


Received January 3, 1949 


Introduction 


It has been shown (2, 5, 8, 11) that treatment of plants with 2, 4-D re- 
sults in a reduction in carbohydrate content and an accumulation of nitrogen. 
Investigators (4, 6,) have reported that some plants sprayed with solutions 
of 2, 4-D develop enlarged and proliferated tissues, noted primarily in the 
stems. It has also been observed that some plants which were sprayed with 
2, 4-D and which developed proliferated tissue of this type were eaten more 
readily by animals (7). Since little is known about the chemical composi- 
tion of this abnormal tissue, the work reported in this paper was projected 
to include the analysis for amino acids, ether extract, carbohydrates, ash and 
erude fiber. Results of chemical analyses are presented for the stems of un- 
treated red kidney bean plants and for those treated with 2, 4-D. 


Materials and methods 
SAMPLES OF STEM TISSUE 


Seeds of the red kidney bean were selected for uniformity of size and 
planted in 4-inch pots in the greenhouse. Each pot contained two plants 
that were treated when the first trifoliate leaf was expanding. Two repli- 
eations of 200 plants each were used from which to obtain material of 
treated and non-treated plants (controls). Application of 2, 4-D was made 
by applying one drop (.05 ml.) of a 1000-p.p.m. solution to the base of the 
blade of one of the primary leaves (6). The plants were harvested six days 
after treatment at the time the stem tissue had proliferated considerably but 
yet showed no signs of necrosis. The material was dried according to the 
procedure given by Link (3) and then segregated into the various parts. 
The hypocotyl, first internode, and leaf petioles were grouped together as 
stem tissue, and analyses were made of this material. 


ANALYTICAL METHODS 


Amino acids were determined microbiologically with the organisms Lac- 
tobacillus arabinosus, Streptococcus faecalis and Leuconostic mesenteroides. 
The media used in the various determinations was essentially the same as 
that described by SAUBERLICH and BAUMANN (9). Samples were prepared 
for assay according to the method of Stroxes et al. (12), with the exception 


1 Journal Article No. 1008 (n.s.), Michigan Agricultural Experiment Station, East 
Lansing, Michigan. 
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of the tryptophan sample which was prepared according to the method of 
Wootey and Sesre.t (13). The analyses for carbohydrates were made by 
the procedure outlined by SELL, Jonnson and Lagasse (10) and the nitro- 
gen, crude fiber, ether extract and ash were determined by A. O. A. C. pro- 
cedures (1). 

Results and discussion 


The results of the chemical analyses are summarized in tables I and II. 
Each entry is the average of two determinations on each of two separate sam- 
ples. 

The data in table I, based both on the percentage of amino acid or pro- 
tein in the sample and on the milligrams per stem, show the following 
trends: The stems of the plants treated with 2, 4-D contain approximately 
twice as much protein as the stems of the non-treated plants. A similar ob- 


AMINO ACID CONTENT OF THE STEMS OF RED KIDNEY BEAN PLANTS TREATED 
WITH 2, 4-DICHLOROPHENOXYACETIC ACID 


(EXPRESSED ON A LIPIDE-FREE* DRY WEIGHT BASIS) 














NON-TREATED TREATED 
CONSTITUENT IN THE PER IN CRUDE IN THE PER IN CRUDE 
SAMPLE STEM PROTEIN SAMPLE STEM PROTEIN 
percent. milligrams percent. percent. milligrams per cent. 
Protein (NX6.25) 16.89 17.40 30.54 32.98 
Leucine 73 .74 4.23 1.44 1.56 4.70 
Tsoleucine ae .79 4.53 1.56 1.68 5.11 
Valine Py 75 4.28 1.75 1.89 5.21 
Phenylalanine 47 48 2.80 1.04 1.12 3.39 
Histidine 43 44 2.51 .76 82 2.48 
Arginine 84 .87 4.94 1.49 1.61 4.82 
Lysine 1 53 3.04 1.48 1.60 4.82 
Tryptophan 12 12 .69 17 18 55 
Methionine .07 .07 38 .20 .22 65 
Threonine .67 .69 3.96 1.14 1.23 3.73 
Aspartic 1.48 1.52 11.31 1.88 2.03 6.37 


* Substances soluble in diethyl ether. 


servation was made by SmirH, HAMNER and Caruson (11). The same 
trend as noted in the protein content was observed for leucine, isoleucine, 
valine, phenylalanine, histidine, arginine and threonine. The lysine and 
methionine content of the stems of the treated plants was approximately 
three times that of the controls. The tryptophan and asparie acid content 
were only slightly greater in treated than in non-treated plants. 

In ealeulating the data in table I as per cent. of amino acid in the protein, 
the following results were obtained: The amount of histidine is almost the 
same in the stems of the treated plants as in the controls. The content of 
tryptophan, threonine, and arginine is slightly less in the stems of the 
treated plants than in the stems of those not treated. Some of the greatest 
differences in the quantity of amino acids in the stem tissue were found in 
the content of aspartic acid, lysine, valine, methionine and phenylalanine. 
It is noted that the stems of the non-treated plants contain 43.7 per cent. 
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more aspartic acid than the stems of the treated plants. However, the stems 
of the treated plants contain 17.9, 36.9, 41.5 and 17.4 per cent. more valine, 
lysine, methionine, and phenylalanine, respectively, than the controls. 

The data presented on the basis of percentage of amino acid or protein in 
the sample and of milligrams per stem show that there is an accumulation 
of protein and amino acids in the stems of plants treated with 2,4-D. When 
the data are expressed as per cent. amino acid in the crude protein, the re- 
sults indicate that the character of the protein in the stems of the treated 
plants has changed as compared to that of the controls. 

In table II, the stems of the plants treated with 2, 4-D show a depletion of 
reducing and non-reducing sugars. A similar observation has been noted 
by Rasmussen (8) in dandelion roots. Smirn et al. (11) and MircHe.. 


CARBOHYDRATE, CRUDE FIBER, ETHER EXTRACT AND ASH CONTENT OF THE STEMS OF RED 
KIDNEY BEAN PLANTS TREATED WITH 2, 4-DICHLOROPHENOXYACETIC ACID 
(EXPRESSED ON A LIPIDE-FREEt DRY WEIGHT BASIS) 





NON-TREATED TREATED 
CORNET URN? PER CENT, MILLIGRAMS PER CENT, MILLIGRAMS 
PER STEM PER STEM 

Reducing Sugar 1.66 1.71 00 .00 
Non-reducing Sugar 4.78 4.92 .00 .00 
Starch 7.22 7.44 2.08 2.25 
Polysaccharide* 12.16 12.52 10.09 10.09 
Crude Fiber 30.34 31.25 19.99 21.59 
Ether Extract (lipides, etc. ) 1.64 1.69 2.26 2.44 
Unsaponifiable Residue 

of the Ether Extract 98 1.01 1.25 1.35 
Fatty Acids (By difference) 

of Ether Extract 61 68 1.01 1.09 


Ash 11.41 11.75 15.98 17.26 





* Acid hydrolyzable residue from starch determinations. 
t Substances soluble in diethyl ether. 


and Brown (5) observed simliar trends in bindweed and the morning glory. 
Considerable reduction in starch and a decrease in acid hydrolyzable poly- 
saccharides were noted in stems of treated plants. Similar results have been 
obtained by other workers (5, 8, 11). 

The depletion of reducing and non-reducing sugar and the utilization of 
the starch reserves and the large increase in protein in the stems of plants 
treated with 2, 4-D indicate that most of the carbohydrates are used in pro- 
tein synthesis. 

The quantity of crude fiber in the stems of the treated plants was consid- 
erably less than that of the controls. The decrease in acid hydrolyzable poly- 
saccharide and crude fiber suggests that the simple sugars are not utilized to 
a great extent in the formation of structural constituents in the stems of 
plants treated with 2, 4-D. The amount of ash in the stems of the treated 
plants increased as compared to the non-treated plants. The accumulation 
of organic acids or an increase of free carboxyl groups in the protein mole- 
cule of the treated tissue may explain the increase in ash content. 
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The ether soluble substances (lipides, etc.) were slightly greater in the 
stems of the treated plants than in the controls. This same trend was noted 
in the contents of unsaponifiable material and fatty acid content in the ether 
extract. An increase in the amount of ether extract may be explained on 
the assumption that some of the carbohydrates are transformed into lipide 
material. 


Summary 


1. Both protein and amino acids accumulated in greater quantities in 
the stems of plants treated with 2, 4-D than in the stems of the non-treated 
plants. The amino acids, calculated as per cent. of crude protein, showed 
the greatest differences in the quantity of amino acids of the stem tissue to 
occur in aspartic acid, lysine, valine, methionine and phenylalanine. The 
variations in the content of amino acid indicate that the character of the 
protein is different in the treated stems than in the controls. 

2. The reducing and non-reducing sugars were depleted in the 2, 4-D 
treated plants. The treated plants also showed a considerable reduction in 
carbohydrate reserves and a decrease in acid hydrolyzable polysaccharides. 
This decrease in sugar content and the tremendous increase in total protein 
suggests that a large portion of the carbohydrates is utilized in protein syn- 
thesis. 

3. The amount of crude fiber decreased in the stems of 2, 4-D treated 
plants as compared to the controls. The decrease in crude fiber and acid 
hydrolyzable polysaccharides indicates that the simple sugars are not uti- 
lized in the formation of structural constituents in 2, 4-D treated plants. 
The ash content was greater in the stems of the treated plants than in the 
stems of the non-treated plants. This increase of ash may be due to an ac- 
cumulation of organic acids or an increase in free carboxyl groups in the 
protein of the stems of the treated tissue. 

4. The amounts of ether extract, unsaponifiable material and fatty acids 
of the ether extract were slightly greater in the stems of the treated plants 
than in those of the non-treated plants. These differences may be due to the 
conversion of some of the carbohydrates to lipide material. 


LITERATURE CITED 


1. ASSOCIATION OF OFFICIAL AGRICULTURAL CHEMISTs. Official and tenta- 


tive methods of Analysis. Sixth edition: 26-27, 408-409, 504. 
1945. 


2. Erickson, L. C., Srey, C. L., and Kiaces, K. H. Effect of 2,4-D upon 
the protein content of wheats. Jour. Am. Soc. Agron. 40: 659-660. 
1948. 

3. Link, K. P. Effects of the method of desiccation of the carbohydrates 


of plant tissue. Jour. Am. Chem. Soc. 47: 470-476. 1925. 
4. Marta, P. C., and Mitrcueti, J. W. 2,4-Dichlorophenoxyacetie Acid 
as a differential herbicide. Bot. Gaz. 106: 224-232. 1944. 





os din deers SOS 























t 
* 


10. 


11. 


12. 


13. 


SELL ET AL.: BEANS TREATED 299 


MircHeE.LL, J. W., and Brown, J. W. Effect of 2,4-dichlorophenoxy- 
acetic acid on the readily available carbohydrate constituents in 
annual morning-glory. Bot. Gaz. 107: 120-129. 1945. 

MITCHELL, J. W., and Hamner, C. L. Polyethylene glycols as carriers 
for growth regulating substances. Bot. Gaz. 104: 474483. 1944. 

QUISENBERRY, 8. K. Private communication to C. L. Hamner. 

Rasmussen, L. W. The physiological action of 2,4-dichlorophenoxy- 
acetic acid on dandelion, Taraxacum officinale. Plant Physiol. 22: 
377-392. 1947. 

SAUBERLICH, H. E., and BAuMANN, C. A. The effect of dietary protein 
upon amino acid excretion by rats and mice. Jour. Biol. Chem. 
166: 417. 1946. 

Sev, H. M., Jounson, F. A., Lagasse, F. 8. Changes in the chemical 
composition of the tung fruit and its component parts. Jour. Agr. 
Res. 73: 319-334. 1946. 

Smiru, F. G., Hamner, C. L., and Caruson, R. F. Changes in food 
reserves and respiratory capacity of bindweed tissues accompany- 
ing herbicidal action of 2,4-dichlorophenoxyacetic acid. Plant 
Physiol. 22: 58-65. 1947. 

Stokes, J. L., GuNNess, M., Dwyer, I. M., and Caswetu, M. C. Micro- 
biological methods for the determination of amino acids. Jour. 
Biol. 160: 35. 1945. 

Wootey, J. G., and Sesrett, W. H. Two microbiological methods for 
the determination of 1(—) tryptophan in proteins and other com- 
plex substances. Jour. Biol. Chem. 157: 141. 1945. 








THE FUNCTION OF MANGANESE IN THE ASSIMILATION 
OF NITRATES! 
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The assimilation of nitrates in plant growth has received much attention 
from plant physiologists. McHareve (11) has given the opinion that man- 
ganese is concerned with the assimilation of nitrogen. LerEPER (8) and 
again WHITEHEAD and OLSON (15) each have shown that nitrates accumulate 
in plants when the culture medium is low in manganese. Burstrom (2, 3, 4) 
reports that wheat roots assimilate no nitrates in the absence of iron and 
manganese but, in the presence of manganese, nitrate assimilation is estab- 
lished ; and further, that there is no nitrate assimilation without manganese. 
Suive (13) has found the highest nitrate intake occurs with the lowest 
oxygen tension. Iscur (6) grew soybeans with the roots under an oil layer. 
He found that the oxygen disappeared completely, and then seemed to re- 
appear in the solution about the roots in large quantities when measured by 
the micro-Winkler (9) method. 

It is the object of this work to show that, when access to the oxygen of 
the air is cut off, manganese is related to the assimilation of nitrates and the 
accumulation of nitrites. 

Soybean plants were kept in the greenhouse in Shive’s R,S, solution of 
1.75 atms. (12) until ready to use. Potassium iron tartrate was the source 
of iron. Plants were selected for uniformity, three to a black-painted quart 
jar, and supported by cork stoppers and cotton as described by ToTtinGHAM 
(14). The oil was the so-called ‘‘Russian,’’ heavy and colorless. The oil 
layer was 10 mm. although Isaur (6) has shown that a 4 mm. layer is enough 
to prevent the passage of oxygen. Oxygen was measured by the micro- 
Winkler method (9). Nitrites were measured after the addition of sul- 
phanilie acid and napthylamine hydrochloride (10). 

The first experiment consisted of soybean plants grown with and without 
oil on the solution. The data from a representative set are shown in table I. 
It is seen that when plants were grown with the roots under oil the dis- 
solved oxygen decreased (a) in 10 hours to 2.20 p.p.m. and (e) to 0.80 p.p.m. 
in 48 hours, and then increased (a) in 48 hours to 10.30 p.p.m., and (c) to 
82 p.p.m in 168 hours. Without oil over the roots (b) the oxygen decreased 
to about 2 p.p.m. and remained fairly constant. When there were no plants 
in the solution the dissolved oxygen decreased slowly under oil and remained 
fairly constant (e) when exposed to the air. These experiments duplicate 
and confirm the work of Isaur (6). 


1 Published as Contribution No. 694 of the Massachusetts Agricultural Experiment 
Station. 
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TABLE I 


SOYBEANS GROWN IN SHIvE’s R,S, SOLUTION, 1.75 ATMS. WITH AND WITHOUT OIL 

















DISSOLVED OXYGEN VALUES 


WITH PLANTS 





WITHOUT PLANTS 














TIME ; . a) wy 
(A) om (B) = (c) om (p) om (#) or 
Hours p-p.m. p.p.m. p.p.m. p.p.m. p-p.m. 
0 6.70 6.65 5.70 6.70 6.65 
5 2.70 2.15 6.60 6.25 
10 2.20 1.95 5.55 4.55 
48 10.30 2.15 0.80 4.55 5.78 
90 3.40 
168 82.00 





The high oxygen values obtained by means of the Winkler test cannot 
be due to oxygen as the amount of dissolved oxygen in equilibrium with the 
air at ordinary temperatures is only 5-7 p.p.m. One would naturally expect 
the oxidizing substance to be nitrites. To support this idea another set of 
experiments was conducted in which both the dissolved oxygen values and 
the nitrites were measured. Five sets of three plants each were grown 
under oil and four sets without oil. The data are given in table IT. 

As in table I the results show an accumulation of a substance with a large 
oxygen value under oil and a reasonably low one when no oil is used. The 
amount of nitrites was large under oil and slight without oil. It is also 
observed that, under oil, where the nitrite had accumulated, the quantities 
of nitrite varied with the oxygen value. Apparently the oxidizing sub- 
stance is nitrite. 

To further this hypothesis sulphamic acid was used to destroy nitrite (5). 
An amount of this substance, about as large as a pea, was added to the 
nutrient solution, (Shive’s R;S.), in which plants had been grown for 48 
hours and in which the oxygen value was 21.36 and nitrite 0.67 p.p.m. 
After addition of sulphamiec acid the nitrite was 0.0015 p.p.m. The values 
are the average of two sets of three plants each. 

















TABLE II 
OXYGEN VALUES AND AMOUNTS OF NITRITE PRODUCED IN SHIVE’S R,S, SOLUTION 
WITHOUT OIL Orn 
No uh PETS a z 
OXYGEN - OXYGEN . 
VALUE NITRITE VALUE NITRITE 
p.p.m. p-p.m. p.p.m. p.p.m. 
2.28 0.0000 29.50 0.64 
2 1.45 7 26.55 0.56 
3 2.01 5 15.80 0.40 
4 2.13 0.0020 26.25 0.64 
5 29.65 0.64 
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In another experiment to test the usefulness of sulphamic acid to destroy 
nitrites, plants were grown with and without sulphamic acid in the nutrient 
solution with and without oil, eight sets in all. The data are in table III. 
Where sulphamic acid was added the dissolved oxygen values were low 
and the nitrites negligible. In the absence of sulphamic acid, nitrites ac- 
cumulated under oil, 0.7 p.p.m. as previously shown. The dissolved oxygen 
values measured only oxygen in the presence of the sulphamic acid. 

It was evident that the nitrite must come from the reduction of nitrate 
under oil, but to get more data on this point numerous cultures were grown 
with NaNO;, KNO;, Ca(NO,),. or CaCl, as the only salt in solution. In all 
eases where nitrates were used, nitrites were produced and in no other case. 
It was concluded then that nitrites were produced from nitrates. In the 
limited time the plants were grown, generally two or three days, it was ob- 
served that they grew as well in the Ca(NO,). solution as in the complete 


TABLE III 


VALUES FOR DISSOLVED OXYGEN AND NITRITE WITHOUT OIL AND WITH OIL; WITHOUT AND 
WITH SULPHAMIC ACID. THREE SOYBEAN PLANTS TO A JAR IN DUPLICATE. 











WITHOUT OIL WITH OIL 














TREATMENT Severe) rae? 
DISSOLVED a DISSOLVED 
exvenn NITRITES oxvenst NITRITES 

p.p.m. p-p.m. p-p.m. p.p.m. 

Check 1.70 0.000 28.55 0.69 

¥ 2.90 0.001 32.84 0.71 
Sulphamie acid 2.75 0.001 0.57 0.002 

se se 


2.75 0.001 0.57 0.002 








nutrient solution ; so, in the experiments that follow, the single salt solution 
was used. 

In the next experiment manganese was introduced to see what effect it 
would have on the accumulation of nitrites under oil. Also, to broaden the 
experiment, a similar set was run containing sodium arsenate. The calcium 
nitrate used was from a sample not previously used and was later found to 
contain traces of manganese. The manganous sulphate and Na,HAsO, 
solutions were made to contain 1 gm. of the anhydrous salt per liter, and 
used in amounts as shown in table IV. 

It is apparent that the cultures containing arsenic produced nitrites 
while those that contain manganese did not. It is evident that the amount 
of nitrite produced increased as the amount of arsenic decreased. This may 
be partially attributed to the longer time the plants lived in the solution. 
Those plants in the arsenic solution of highest concentration died first. The 
solution containing the smallest amount of arsenic, 1 ml., was approximately 
4.8 x 10°°M in arsenate, and at this dilution apparently was not effective. 
Previous work, not included in this article, had shown that dead and dying 
plants are not a source of nitrites. It can hardly be stated that the arsenates 


ee 


- PRE SRIF AGES SRIRAM 








— 2a oo 


ann i es. 2 Be eee eee 





NES ORE MN 


| 
| 


JONES ET AL.: MANGANESE 303 


caused the production of nitrites, as many cultures had been grown pre- 
viously with no arsenic present which produced nitrites in quantity. It 
seems more correct to state that the absence of manganous ion allowed the 
production of nitrites and its presence prevented such production. 

The experiment was repeated using greater amounts of the metals. 
The plants all had healthy green tops and silvery white roots. The white 
roots, as noted by Suive (13) showed that the plants were not oxygen de- 
ficient. No determination of the dissolved oxygen was made, the nitrites 
were measured qualitatively only. It was desired to know whether man- 
ganese continued to prevent the accumulation of nitrites; to note what effect 
different amounts of metals had on the production of nitrites and, particu- 
larly, on the health of the plants. The condition of the plants was noted six 


TABLE IV 


CALCIUM NITRATE, 10.4 ML/1. oF M/2. ARSENIC OR MANGANESE, 1 GM./1. OIL. 
TIME, 4 DAYS. AVERAGE 2 CULTURES AND 6 PLANTS. 





DISSOLVED N As 





SET Sou. i — O, VALUES NO, NOTES 
. AV. AV. 
ml. p.p.m. p-p.m. p.p.m. 
1 R;S, 0 16.28 0.29 Trace Mn. check. 
2 Ca(NOs), 100 As 36. 13.92 0.15 fe  #* plants died. 
3 - 50 As 18 33.65 0.28 “ oe "" "7 
4 = 10 As 3.6 46.90 0.39 ‘¢ «* minor injury 
5 ‘ { ) ey 1.35 0.010 No injury 
6 i 100 Mn 40 0.15 0.003 Good health 
7 ay 50 Mn 20 1.15 0.004 " sg 
8 ve 10 Mn 4.0 0.32 0.002 wis as 
9 ce se 


a 1 Mn 0.4 1.70 0.002 





days after the oil was placed on the solution. The facts about the experi- 
ment are noted in table V. 

The two check solutions 1 and 2, table V, produced large quantities of 
nitrites; the tops were yellow showing nitrogen deficiency, and the roots 
brown indicating oxygen shortage. In the solutions containing larger 
amounts of arsenic, the quantities of nitrites were increased over that in the 
checks, and both tops and roots were dead. In solution 7 with the small 
amount of arsenic, the quantity of nitrite was large and the tops showed 
nitrogen deficiency, and the roots an oxygen shortage much like the checks. 
In the solutions containing the large amounts of manganese, 8 and 9, large 
amounts of nitrites were produced, the tops showed nitrogen deficiency, but 
the roots showed no oxygen shortage. In the solutions with the smaller 
amounts of manganese, 11, 12, 13, and 14, no nitrites accumulated, the tops 
were green, roots silver white, and the plants appeared vigorous and healthy ; 
in fact, looked better than when they were put into the jars six days previ- 
ously. In the solutions with large amounts of manganese, 8 and 9, nitrites 
accumulated in large amounts; whereas in the experiments recorded in table 
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IV, where large amounts of manganese were present the nitrites were exceed- 
ingly small in quantity The difference may be in the fact that the experi- 
ments noted in table V ran six days as against four for those in table IV. 
Whatever the cause of the difference it is evident that large quantities of 
manganese in solution for six days interfered with the metabolism of the 
plant. 

JAcoBSON and SwansBack (7) report that tobacco plants growing in 
culture solution containing 1 p.p.m. of manganese show toxie symptoms. In 
solution 11, here used, the manganese is 8 p.p.m. or 4.3 10°M., and the 
soybean grew apparently normally for at least six days. 

These experiments indicate that, in the absence of air, in the presence of 
certain small amounts of manganous salts the roots of soybean plants can get 
both oxygen and nitrogenous matter from nitrates and grow in a healthy 


TABLE V 


SOYBEANS GROWN IN CA(NO,), WITH Na,HASO, oR MNSO,. Om. CONCENTRATIONS AS 
IN TABLE IV. CONDITION OF TOPS AND ROOTS NOTED. TIME, 6 DAYS. 





Mn As NO, 








No. Bow. ADDED ADDED IN SOL. Tors Roors 
ml. ml. 
1 R,S, tr. large yellow Slt. brown 
2 Ca(NO,), ‘° $s vl Brown 
3 " si 100 very large dead & yellow dead and brown 
4 ce oe 50 ce ce é ce ce é ce 
5 ec cc 30 large se ce se ce ce 
6 - 7 20 very large yellow slt. brown 
7 = as 10 large sit. yellow “ " 
8 _ 100 si yellow silvery white 
9 ce 75 ce ce é cc 
10 Ks 30 small rich green es = 
1 1 oe 20 tr. ee ce ce “e 
12 oe 10 tr. ce ce ce ce 
13 ce 5 tr. ce ce cc ce 
14 sé 1 tr. ec “é «< cc 


manner for at least six days. They further indicate that the first step in 
the reduction of nitrate is to nitrite. 

This work fits in with that of ARNon (1), who found that manganese 
increased the growth of non-aerated plants provided an adequate supply of 
nitrate was present ; and that of Surve (13), who found that plants with no 
oxygen in the culture solution could grow and reproduce, apparently de- 
pendent upon nitrates for both oxygen and nitrogen. It also supports the 
claim of Burstrom (4) that the manganous ion is a catalyst without which 
the orderly reduction of nitrates to amino acids does not take place. In the 
absence of manganous ion, with oxygen of the air present, LEEPER (8) and 
WHITEHEAD and Otson (15) have shown that nitrates accumulate in the 
plant ; but under the conditions of this work, with oxygen of the air withheld 
by the oil layer, nitrites accumulated. Since the plant lived, the lack of 
manganese did not, apparently, entirely stop the metabolism of nitrates. 
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The introduction of arsenic increased the accumulation of nitrites, indicat- 
ing that the metabolic processes were slowed down even more by this 
poisonous substance. 

It would appear that plant functions, especially growth, observed at low 
oxygen tension should be revaluated in terms of the manganese present. 


Summary 


Soybean plants were grown in Shive’s R,;S, solution and in a calcium 
nitrate soultion with an oil layer on top to exclude the oxygen of the air. 

Nitrites in large quantities, .5— 1+ p.p.m. or oxygen values measured by 
the micro-Winkler test, 20-100 p.p.m., accumulated in such solutions. The 
plants in these solutions showed yellow leaves indicating nitrogen deficiency 
and brown roots indicating oxygen shortage. 

The introduction of manganese salt into these solutions prevented the 
accumulation of nitrites and allowed the plants to grow in a healthy manner 
for the time of the experiment; the tops were green and the roots silvery 
white. 

This work supports that of those who hold that manganese is a catalyst 
without which the orderly reduction of nitrate to amino compounds either 
does not take place or is greatly reduced in speed. 
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THE OXIDASE OF THE APRICOT 


A. M. Et TABEY AND W. V. CRUESS 
Received July 12, 1948 


The flesh of fresh apricots when cut and exposed to the air rapidly 
develops a brown color due to enzymic oxidation. This phenomenon is of 
great importance in the freezing and freezing storage of fresh apricots and 
in the preparation of apricots for canning and drying. In commercial freez- 
ing the oxidizing enzymes of this fruit are controlled by treatment with 
dilute SO, solution or by covering the fruit with sirup containing ascorbic 
acid. In canning the enzymes are destroyed by heat, and in drying they 
are inhibited by SO. 

SuMNER and Somers (11), OnsLow (5) and others have reviewed the 
early research on the oxidizing enzymes of plant tissue. Therefore, we shall 
cite only a few papers that bear more or less directly on fruit oxidases and 
refer the reader to texts such as the above for a more comprehensive review. 

SamiscnH (8, 9, and 10) who conducted research on apricot oxidase in 
this laboratory used a Barcroft manometric apparatus with catechol as the 
substrate in studying certain properties of this enzyme or enzyme system. 
He showed that phenolase activity was greatest in the peel and vascular 
bundles. He investigated the effect of pH value and various enzymes on 
apricot phenolase, using catechol as the substrate. 

Potatoes possess a very active oxidase, classified by Boswell and 
Whiting (1938) as a polyphenolase. Samiscu (8) defines polyphenolases 
as ‘‘oxidases which have the power to catalyze the oxidation of phenols or 
their derivatives by molecular oxygen.’’ Peroxidases do not have this 
power and require the presence of H,O,. However, Szent-Gy6reyr (12) 
suggested that peroxidases are merely attenuated polyphenolases that have 
lost the power of catalyzing the oxidation of phenols by atmospheric oxygen. 

CruEss and Fone (2) showed that the inactivation temperature of fruit 
peroxidase varies with the hydrogen-ion concentration of the medium; 
that there is an optimum H,O, concentration for fruit peroxidases, and 
that the optimum pH value varies with the oxidase indicator used; ‘.e., 
optimum pH appears to be a function of the substrate rather than of the 
enzyme. 

According to our present view and that of most other investigators of 
fruit oxidases, the term fruit phenolase largely replaces the oxygenase of 
Onslow in that it has the power of utilizing atmospheric oxygen directly in 
the oxidation of orthodihydroxy phenols; but it is also believed that orthodi- 
hydroxy compounds can and do serve somewhat like co-enzymes or acti- 
vators in the catalytic oxidation of certain substrates not directly attacked 
by phenolase; e. g., ascorbic acid, guaiacol, ete. In other words phenolase 
can not directly bring about the oxidation of ascorbie acid, for example, 
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by atmospheric oxygen; but if catechol is present, oxidation catalyzed by 
phenolase proceeds rapidly. These observations and opinions do not ex- 
clude Onslow’s hypothesis that orthodihydroxy compounds participate in 
such oxidations by being first oxidized to the organic peroxide condition 
by oxygenase, when they can then replace H.O, as a source of oxygen. 


Investigations and discussion 


ENZYME PREPARATION.—In order to obtain a reasonably pure and clear 
enzyme solution freed of solid fruit tissue suspended colloids and pigments 
we proceeded as follows: either halved fresh apricots or those preserved by 
freezing storage were pureed in a Waring ‘‘blendor’’ with three volumes 
of ice cold acetone for three minutes. The suspension was then filtered 
and the solid residue ‘‘blended’’ again with two volumes of acetone and 
filtered. This was repeated once more, and the solid residue air dried at 
room temperature on filter paper after filtration. It was a white powder. 

To the powder was added a volume of 0.01 M acetate buffer solution of 

pH 5.0, equal in cubic centimeters to the weight in grams of the original 
apricots, and the mixture ‘‘blended,’’ filtered and the filtrate stored at 
0° C, if it was to be used soon; if it was to be held several weeks, it was 
stored at about —14° C (0° F). It was found free of catalase and rich 
in both phenolase and peroxidase. 
MEASURING ENZYME AcTiviry.—We followed the colorimetric method of 
PonTiNnG (6) in which a dilute aqueous solution of guaiacol is the substrate. 
For measuring peroxidase activity dilute H.O. was also added; for pheno- 
lase activity measurement dilute catechol solution (but no H,O.) was added 
with the guaiacol. Except in experiments on the effect of pH value the 
pH was maintained at 5.0 by the use of acetate buffer. The reaction 
mixture was held at 20° C. 

On oxidation guaiacol develops a reddish color. We measured the depth 

of color by means of an Evelyn photocolorimeter which gives electrometric 
readings on a sensitive galvanometer. Naturally, in all comparative tests 
the enzyme and reagents were allowed to react for the same length of time. 
The reaction was arrested by addition of glacial acetic acid. Readings 
were made at room temperature, about 20° C. While the color of oxidized 
guaiacol is fairly stable, it gradually fades and hence readings must be 
made promptly. 
ABSENCE OF ASCORBASE AND DEHYDROGENASE.—Our enzyme preparation 
failed to cause direct oxidation of dilute ascorbic acid solutions by atmos- 
pherie oxygen and dilute methylene blue solution was not decolorized by 
the enzyme preparation under anaerobic conditions in the presence of 
various substrates such as dextrose, succinic acid, ascorbic acid, citric acid 
and ethyl aleohol. The tissues of frozen apricots also gave negative results 
for the dehydrogenases of dextrose, succinic acid, citric acid and ethyl aleo- 
hol. One cannot use apricot tissue directly for testing for ascorbic acid 
oxidase since it contains phenolase and catechol substances that together 
can cause oxidation of ascorbic acid. 
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Our tests are not final and conclusive but do strongly indicate that 

ascorbic acid oxidase and certain dehydrogenases are either absent or 
present in very low concentrations in the purified enzyme preparation and 
in apricot tissue preserved by freezing; but do not preclude their presence 
in the living tissue. 
VERSATILITY OF THE PHENOLASE AND PEROXIDASE.—The enzyme preparation 
caused the direct atmospheric oxidation of those indicators that contained 
the orthodihydroxy grouping or a trihydroxy grouping with the OH groups 
in juxtaposition, such as catechol, protocatechuic acid and caffeic acid, as 
well as digallic acid and pyrogallol. These are indications for presence of 
aphenolase. It also caused oxidation of benzidine, gum guaiac, o-phenylene 
diamine, and p-phenylene diamine. 

With H.O, several other indicators, namely, alpha-naphthol, guaiacol, 


TABLE I 


Errect oF H,O, CONCENTRATION ON APRICOT PEROXIDASE ACTIVITY 





PEROXIDASE ACTIVITY IN PER CENT. 
OF MAXIMUM ACTIVITY 





NORMALITY oFr H,.O, 





-000041 25.5 


-00020 60.6 
00041 64.4 
-0020 100 

0041 97.6 
-0083 96.0 
020 84.0 
041 74.5 


and o-aminophenol were oxidized, as well as the o-dihydroxy compounds, 
pyrogallol and gallic acid. 

Cruess and Fone (2) observed that a strong fruit enzyme preparation 
caused the formation of oxidized color of several other indicators in the 
presence of H,O., among them hydroquinone, para-cresol and ortho-amino- 
phenol. 

In other words the peroxidase of apricots in the presence of HO, can 

catalyze the oxidation of a greater variety of indicators than ean apricot 
phenolase. 
NATURE OF THE NATURAL OXIDASE SUBSTRATE OF APRICOTS.—ONSLOW (5) 
reported that apricots among other fruits contain an orthodihydroxy sub- 
stance that can act as a part of the fruit’s enzyme system. We extracted 
fresh apricot tissue with acetone, filtered, evaporated to dryness at 70° C, 
took the filtrate up in acetone, evaporated to dryness at 70° C; took residue 
up in distilled water, filtered and evaporated the filtrate to dryness in a 
vacuum desiccator. 

As needed, the residue was dissolved in water. It gave the usual ferric 
chloride test for catechol substances (a greenish color, turning purplish 
with NaHCO,) as well as several confirming tests. It may be a tannin. 
Errect or H,0, cONCENTRATION.—To portions of the purified enzyme solu- 
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tion were added H,O, in various concentrations and a constant amount of 
guaiacol solution and color readings were taken after a uniform period. 
Table I summarizes the data. 

In brief, in this experiment .0020 N to .0083 N H,0., or from about 6.8 
milligrams to about 28 milligrams per c.c., was the optimum range. At 
.041 N there was definite inhibition and at .000041 N there was not sufficient 
H,O, for maximum rate of oxidation. 

EFFECT OF HYDROGEN ION CONCENTRATION.—Using guaiacol and H,0O, 
for measuring peroxidase, and catechol without H.O, for phenolase, their 
activities were determined in phosphate buffer solutions ranging from pH 
2.25 to 8.0 with the results as given in table II. 

COMPARISON OF PHOSPHATE AND ACETATE BUFFERS.—Both of the enzymes 
were somewhat more reactive in phosphate-citrate buffer solution than in 


TABLE II 


EFFECT OF PH VALUE OF PHOSPHATE BUFFER SOLUTIONS ON APRICOT 
PEROXIDASE AND PHENOLASE 














PH PEROXIDASE ACTIVITY PHENOLASE ACTIVITY 








PER CENT. OF MAXIMUM PER CENT. OF MAXIMUM 
2.25 00 00 
3.00 28.4 17.0 
3.50 78.8 38.9 
4.00 90.7 41.4 
4.40 95.4 43.7 
4.80 100.0 53.5 
5.00 98.2 60.9 
5.50 95.4 73.0 
6.0 76.4 88.9 
6.5 65.5 97.0 
7.0 37.6 100.0 
8.0 


14.9 88.0 


acetate buffer, the phenolase being 1.45 times as reactive and the peroxidase 
1.15 times as reactive in the phosphate-citrate buffer solution as in the ace- 
tate buffer. 

INHIBITING EFFECT OF VARIOUS IONS.—While Samisch and others have pre- 
viously reported on the effect of various ions on fruit oxidase activity it 
was deemed of interest to conduct comparative experiments in order to 
compare the behavior of apricot peroxidase and phenolase. 

Table III gives the comparative effects of various concentrations of 
KCN, NaN;, NaCl and NaF on apricot peroxidase and phenolase. 

Both enzymes were sensitive to KCN, but the peroxidase was somewhat 
more so than the phenolase. 

Keilin (1936) found horse radish peroxidase activity was reduced 70 
per cent. by 0.003 M sodium azide, NaN;. We added various concentrations 
of this compound to buffer solutions and measured their inhibiting effects 
on apricot peroxidase and phenolase with the results given in table III. 

The data are irregular but the trend indicates that the phenolase is 
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slightly more resistant than the peroxidase to the inhibiting action of NaN. 
Like KCN it is a very powerful inhibitor. 

In the instance of NaCl the phenolase appeared more sensitive to the 
inhibiting agent than was peroxidase. NaCl had much less inhibiting effect 
than KCN, NaF, and NaN, on both enzymes. 

The fluoride ion is a much more powerful oxidase inhibitor than is the 
chloride, as previously well known and as shown in table III. 

Again the phenolase proved considerably more sensitive to the halogen 
ion than was the peroxidase. 


TABLE III 


COMPARATIVE EFFECTS OF VARIOUS REAGENTS ON APRICOTS PEROXIDASE AND 
PHENOLASE ACTIVITY 




















Moun PEROXIDASE PHENOLASE 
REAGENT ‘ encusree aston ACTIVITY PER CENT. ACTIVITY PER CENT. 
Te OF MAXIMUM OF MAXIMUM 

KCN 00 100 100 

$4 .000025 67 96 

$6 .000050 60 94 

i -00010 45 93 

se .00025 32 83 

+¢ -00050 16 68 

‘es .0050 10 42 

+ .0100 0 0 
NaN, 00 100 100 

o .0001 43 10 

sit .0004 20 6 

si .0010 0 3 

ag .0050 0 2 

+e .0100 0 0.6? 

sie .0500 0 0 
NaCl 00 100 100 

ee 01 97 59 

se .05 91 47 

“ihe 10 74 25 
NaF 00 100 100 

i .0005 91 69 

sh .0010 79 48 

os .0050 45 14 

*s .0100 31 11 

ci .0500 12 3 

i .1000 11 0 





Calcium and magnesium ions appeared to have a moderate inhibiting 
effect on apricot peroxidase but not on the phenolase, and the alkali metal 
ions of Na, K and Li had no effect at 0.1 M concentration. 

Concentrations of FeCl,, from 1x 10-7 M to 1x 10~, slightly increased 
the activity of both the peroxidase and phenolase. The presence of 1 x 10-7 
to 1x 10° M CuCl, increased their activity slightly, but at 1 x 10-* M there 
was a noticeable inhibition. Possibly these low concentrations of Fe and 
Cu ions favored oxidation by themselves rather than by stimulating enzyme 
activity, as they are both catalysts in certain biochemical systems. In 
some cases, they may form pseudo enzymes with proteins or other colloids. 











312 PLANT PHYSIOLOGY 


The inhibiting effect of copper ions at higher concentrations may be due to 
partial precipitation of the enzymes. 

Sulphate (NaSO,) at 0.1 M moderately increased the peroxidase and 

nearly doubled the phenolase activity. A similar concentration of oxalate 
slightly retarded the peroxidase and slightly increased the phenolase 
activity. 
EFrrect OF suGARS.—In the freezing preservation of fresh fruit, sirups or 
added dry sugar are used for sweetening and to exclude direct contact 
with oxygen of the air. Added dry sugar soon forms a sirup with juice 
from the fruit. It is therefore of interest to know whether or not such 
sirups exert an appreciable inhibiting effect on fruit oxidases. 

Various concentrations of sucrose and of dextrose were prepared in 
buffer solutions containing our purified peroxidase and phenolase. The 
effects of various concentrations observed in this experiment are given in 
table IV. 


TABLE IV 


EFFECT OF SUGAR CONCENTRATION AND KIND OF SUGAR ON APRICOT PEROXIDASE AND 
PHENOLASE ACTIVITY (EXPRESSED AS PER CENT. OF ACTIVITY OF SUGAR 
FREE PREPARATION ) 











Pea Gur PEROXIDASE ACTIVITY ; PRENOLASS ACSWITT ag 
Susan CANE SUGAR DEXTROSE CANE SUGAR DEXTROSE 
None 100 100 100 100 

10 95 97 111 132 
20 82 99 115 137 
30 86 100 111 95 
40 81 108 
50 81 89 


60 75 77 





Dextrose appeared to have no effect on peroxidase activity but a mild 

stimulating effect on phenolase at 10 and 20 per cent. concentrations. Cane 
sugar inhibited peroxidase activity slightly but increased phenolase activity 
slightly in the range of 10 to 40 per cent. inclusive, and inhibited it moder- 
ately at 50 and 60 per cent. The magnitude of these effects appears to be 
of no great practical importance insofar as the preservation freezing of 
fruits is concerned. 
INFLUENCE OF TEMPERATURE AT SEVERAL PH VALUES ON ENZYME ACTIVITY.— 
In tables V and VI are given data indicating the activity of peroxidase and 
phenolase, respectively, after heating at various temperatures for one hour 
and for 24 hours at pH 4, 5 and 6. 

While the results are somewhat irregular, in general the decrease in 
activity was greater with 24 hours heating than with one, and was slightly 
greater at pH 4 than at pH 5. 

In table VII are presented additional data for higher temperatures at 
pH 5 and a five minute heating period. 





RIE HEF 
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TABLE V 


EFFECT OF HEATING AT SEVERAL TEMPERATURES AND THREE PH VALUES ON 
PEROXIDASE ACTIVITY 








PEROXIDASE ACTIVITY (PER CENT. OF THAT OF UNHEATED) 








TEMPERATURE Senn —— —— 
OF HEATING PH 4.0 PH 5.0 PH 6.0 

° ©, Se —EE — 7 —— 

1 wR. 24 HRS. 1 wR. 24 HRS. 1 HR. 24 HRS. 
pee 100 97 100 98 100 47 

25 100 91 99 92 74 48 

30 85 74 82 78 74 48 

40 73 55 62 59 67 23 

55 59 s 44 31 48 8 





Phenolase was found to be more easily inactivated by heat than was 
peroxidase. 

Steaming halved apricots for four minutes in an abundant supply of 
steam destroyed both peroxidase and phenolase. 


TABLE VI 


EFFECT OF HEATING AT SEVERAL TEMPERATURES AND AT THREE PH VALUES ON 
PHENOLASE ACTIVITY 





PHENOLASE ACTIVITY (PER CENT. OF THAT OF UNHEATED) 


TEMPERATURE —— - - — 
OF HEATING PH 4.0 PH 5.0 PH 6.0 
1 wR. 24 HRS. 1 HR. 24 HRS. 1 HR. 24 HRs. 

10 100 73 100 87 100 87 
25 91 53 93 57 101 76 
30 89 44 70 55 98 73 
40 62 24 72 49 86 43 
55 30 2: 51 17 58 17 


OXIDATION OF ASCORBIC ACID.—The method described by PontTiINnG (6) was 
used in which the enzyme preparation is allowed to act in a buffer solution 
containing one milligram of ascorbic acid per cubic centimeter of solution 
and H,O, or eatechol, for definite periods of time and the residual ascorbic 
acid determined colorimetrically with dichlorophenol indophenol. 


TABLE VII 


INACTIVATION OF APRICOT PEROXIDASE AND PHENOLASE AT HIGHER TEMPERATURES 


PEROXIDASE ACTIVITY PHENOLASE ACTIVITY 
TEMPERATURE ° C, ¢ ; 
oueus PER CENT. OF UNHEATED PER CENT. OF UNHEATED 
0 100 100 
80 17 14 
85 9 2 
90 2 


octet 


100 0 
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The peroxidase (with H,O, added) caused oxidation of 0.031 and 0.0446 
milligrams of ascorbic acid per cubic centimeter in five and ten minutes 
respectively ; and the phenolase (with added catechol), 0.0187 and 0.03 
milligrams per cubic centimeter in the same periods. These are fairly 
rapid rates of oxidation. The data indicate that in the presence of natu- 
rally occurring catechol substances apricot phenolase could destroy naturally 
occurring ascorbic acid in apricot tissue, and probably explains why dried 
apricots contain very little ascorbic acid. 

EFFECT OF DEHYDRATION.—Dehydration of both unsulphured and sulphured 
apricots markedly reduced the activity of both peroxidase and phenolase. 
Apricots that were steamed six minutes to destroy enzymes before drying, 


TABLE VIII 


EFFECT OF ASCORBIC ACID ON DARKENING OF FROZEN PACK APRICOTS 


AMOUNT OF ADDED 











neater ae OBSERVATIONS AT OBSERVATIONS AT 
MaMs./100 C.c. ONE MONTH FOUR MONTHS 
0 Slight darkening. Moderate darkening. 
25 ce sé ee ce 
50 ce ce ce cc 
75 No darkening. = ee 
Aroma improved. 
100 No darkening. sn se 
Aroma improved. 
150 No darkening. sis - 
Aroma improved. 
200 No darkening. Slight darkening. 


Aroma improved. 





darkened during dehydration, probably by non-enzymic oxidation and by 
the Maillard and other non-oxidative browning reactions. Sulphuring 
before dehydration prevented browning. 
CONTROL OF COLOR OF FROZEN APRICOTS.—Halved apricots were packed in 
cane sugar sirup of 40° Brix (40 per cent. sugar content) containing vari- 
ous amounts of ascorbic acid and were stored at 0° F and were examined 
at one and four months. Table VIII summarizes the observations on color 
of the fruit after removal from freezing storage and after thawing. 
While ascorbic acid retarded browning, a very high concentration was 
required to prevent it during storage for four months. Also 100 milli- 
grams of ascorbic acid per 100 gms. of sirup plus 100 milligrams of SO, 
per 1000 c.c. of sirup failed to completely prevent browning during four 
months storage. 


In other experiments in which the fruit and sirup were sealed in 
vacuum in tin cans the color was retained perfectly with 100 milligrams of 
ascorbic acid per 100 c.c. 
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Summary 


1. Phenolase and peroxidase solutions free of catechol-like substances 
were prepared from apricots by treatment with acetone. The purified 
enzyme preparation showed no ascorbase or dehydrogenase activity. 

2. Peroxidase activity was judged by measurement of the color devel- 
oped on oxidation of guaiacol in the presence of H.O,; and measurement 
of the color developed on oxidation of guaiacol in the presence of catechol 
was used to measure phenolase activity. 

3. Hydrogen peroxide concentration affected activity, the optimum 
being at about .05 N H.O., or about 17 milligrams per 100 c.c. 

4. The optimum pH range for the peroxidase with guaiacol was about 
pH 4.5 to 5.5 and for the phenolase with catechol about 6.5 to 7.0. 

5. Both enzymes were completely inhibited by 0.01 molal KCN. Pheno- 
lase was somewhat less sensitive to KCN than was the peroxidase. 

6. Fluoride was a much stronger inhibitor of both enzymes than was 
chloride. 

7. Ferric iron and cupric copper at very low concentrations enhanced 
the activity of both enzymes. 

8. Sulfate ions increased the activity of the two oxidases. 

9. Sucrose and dextrose exerted a rather minor inhibiting effect at 
high concentrations and enhanced the activity in several cases at low con- 
centrations. 

10. Dehydration greatly decreased the activity of both enzymes. 

11. Heating at several temperatures between room temperature and 
55° C reduced the activity of both enzymes with greater reduction in ac- 
tivity at pH 4.0 than at 5.0. 

12. Peroxidase was almost completely destroyed by heating at 90° C - 
for five minutes and completely at 100° C, whereas phenolase was completely 
inactivated in five minutes at 90° C and almost so at 85° C. 
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“THERMAL MACERATION”? OF PLANT TISSUE* ? 
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Upon maceration the ascorbic acid in most plant tissues is rapidly oxi- 
dized to dehydroascorbic acid. This reaction is catalyzed by the enzyme 
ascorbic acid oxidase commonly present in many plant tissues. Adequate 
heating will prevent the rapid loss of ascorbic acid though it will not en- 
tirely eliminate this reaction (3). 

There are numerous reports in the literature on the ascorbic acid losses 
from plant tissues during heating (blanching) in water or in steam (1). 
The magnitude of these ascorbic acid losses, which usually are ascribed to 
aerobic oxidation and to leaching, has varied widely. At times, excessive 
losses in ascorbic acid content have been observed after limited exposure to 
heat while in other cases the losses were considerably lessened by a small 
increment in blanching temperature. 

During the 1946 and 1947 growing season, in the course of experimen- 
tal blanching of vegetables before canning, we have obtained results which 
seem to provide an explanation for these apparent inconsistencies. Hold- 
ing of raw unheated shelled peas for two hours at room temperature re- 
sulted in losses of ascorbic acid not exceeding four per cent. No loss of 
ascorbic acid was found when peas blanched at 80° C. or higher for three 
minutes or more were held at room temperature for similar periods. There 
were losses of ascorbic acid during the actual blanching but we attribute 
these to leaching since longer periods of blanching increasingly diminished 
the ascorbie acid content. However, we have found that at certain inter- 
mediate blanching temperatures the ascorbic acid loss is extensive and con- 
tinues during subsequent holding. The results obtained in one such ex- 
periment are shown in figure 1 where Curve A represents peas blanched 
at 72° C. Although efforts were made to determine the ascorbic acid con- 
tent immediately after heating, more than fifty per cent. was lost from the 
peas blanched for one minute during the short interval of time which un- 
avoidably elapsed in the collection and weighing of the sample. More 
prolonged heating at this temperature reduced the extent of losses between 


1 Journal Article No. 763, New York State Agricultural Experiment Station, ap- 
proved May 27, 1948. 

2 This work was supported in part by grants from the National Canners Association- 
Can Manufacturers Institute Nutrition Program, the present report being the thirty- 
ninth of a series of articles dealing with the general subject, ‘‘Nutritive Value of 
Canned Foods.’’ The phenomenon noted here was described in a report dated Nov. 6, 
1946 to the NCA-CMI Research Committee. 
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treatment and analyses. Curves B and C show the results of similar tests 
performed at 80° C. and 88° C., respectively. Here the rapid ascorbic 
acid loss on holding occurs only in the sample heated at 80° C. for the 
shortest interval and no marked loss is noted on holding the 88° C. samples. 
The horizontal dotted lines indicate the course of ascorbic acid changes due 
to leaching, while the dotted lines leading to the black points show the 
course of enzymatic ascorbic acid losses during the first hour of holding. 

Thus limited heating may result in conditions similar to those found in 
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Fig. 1. Changes in the ascorbic acid contents of peas blanched in water at dif- 
ferent temperatures and then stored for two hours at room temperature. All samples 
were from a single lot of peas. Water temperatures were A=72° C.; B=80° C. and 
C=88° C. Crosses represent ascorbic acid content of raw peas. Circles denote ascorbic 
acid contents immediately after blanching. Black dots and solid lines show ascorbic 
acid changes during holding. The dotted horizontal lines indicate the assumed losses 
of ascorbic acid due to leaching only while the more vertical dotted lines indicate the 
course of the enzymatic oxidation of ascorbie acid. 


disrupted plant tissues. Apparently under these conditions the spatial 
separation of the cell contents is destroyed (2) and this factor as well as 
the elevated temperature greatly accelerates the ensuing enzymatic activity. 
The enzymatic nature of the ascorbic acid destruction is apparent from 
the fact that a further rise in the blanching temperature entirely eliminated 
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the occurrence of the large losses during the holding period. Similar re- 
sults were obtained with wax beans, and to a more limited extent with lima 
beans. 

These observations might have some general practical significance. 
Most vegetables contain ascorbic acid and an active ascorbic acid oxidase 
system. The temperature of heating at which the above phenomenon occurs 
will obviously depend on many factors, including the heating medium and 
the type, condition and particle size of the vegetable. The rate at which 
the temperature rises through the critical zone of heating will determine 
the extent of losses of ascorbic acid which may occur before complete in- 
activation of the ascorbic acid oxidase is accomplished. It is probable that 
similar reactions involving other enzymes and their substrates might occur 
in heated plant tissues. 


Summary 


Heating of some vegetables in water to the temperature range of 72- 
80° might cause changes in the ascorbic acid content similar to those which 


occur in macerated plant tissues. The reaction is of enzymatic nature. 
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A SIMPLE AERATOR FOR NUTRIENT SOLUTIONS 
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Proper aeration is necessary, in most cases, for normal development of 
plants grown in nutrient solutions. In many research institutions a cen. 
tral air compressor makes air pressure available in laboratories and green- 
houses through a piping system. When an air compressor is not avail- 
able, enough air pressure for the aeration of nutrient solutions or for simi- 
lar biological work can be obtained with laboratory built equipment, utiliz- 
ing the hydrostatic pressure of the water piping system. 

RIKER and Riker (1) describe an apparatus which supplies continuous 
air pressure, obtained by connecting the exhaust tube of a water suction 
pump to a bottle or similar container fitted with the proper tubing for air 
and water outlets. The writers have built the equipment described by 
these authors and used it for the aeration of plant nutrient solutions. It 
was noticed, however, that the aerator worked well only when the hydro- 
static pressure of the water going into the suction pump was strong and 
fairly constant. Under conditions of variable hydrostatic pressure it does 
not work satisfactorily and requires constant regulation. 

After experimenting with several modifications of similar apparatus, 
the writers arrived at a simple model that supplies intermittent air pres- 
sure and that can be used under almost any condition of hydrostatic pres- 
sure. The air pressure thus obtained is enough for the aeration of plant 
nutrient solutions and probably could be used for other types of work that 
require aeration. 


Description of the aerator 


This apparatus supplies air pressure intermittently. It utilizes the 
rise of the water level in the interior of a bottle to expel the air and so 
produce air pressure. When the bottle is full a siphon begins to operate, 
emptying the bottle; after the siphonage ceases, the water level starts to 
rise again and air pressure is produced. Adequate air pressure is obtained 
with this aerator under conditions of variable hydrostatic pressure; even 
when the flow of water stops temporarily and starts again there is no need 
of new adjustments. 

The aerator can be constructed with quart milk bottles or similar flasks. 
Proper glass or metal tubing is easily obtained in any laboratory. Figure 
1A is a sketch of the aerator as built by the writers. Important details 
are the siphon tube and the valve that prevents the reflux of liquid in the 
air outlet. The lower part of the siphon tube inside the bottles needs to 
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be bell-shaped, so that the water column in the siphon can be broken easily 
by the entrance of air into the tube, and so stop the siphonage. Several 
types of valves were tried. The best results were obtained with the one 
shown in figure 1B. It can easily be seen that the valve has to be con- 
structed so that the height of the water column that rises in the tube (a), 
as a result of the air pressure inside the bottle, can be greater than (a’), 
the length of the tube immersed in the nutrient solution. Also the length 
(b’), of the tube above the nutrient solution level, has to be greater than 
(b), to prevent the reflux of nutrient solution in the air outlet tube. 
Sometimes it is desirable to use a piece of a porous material at the end 
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of the air outlet in the nutrient solution to promote the formation of small 
bubbles. If this is used in connection with the present aerator the length 
of the siphon tube and of the tube (a) have to be increased, making the 
aerator rather cumbersome. Small bubbles have been obtained when the 
end of the tube is drawn to a small opening. 

This aerator presents other advantages. By regulating the water in- 
take, the amount of air bubbled in the nutrient solution can be changed; 
by adjusting the difference between the rate of water intake and the amount 
of water siphoned, the period of aeration can be increased or decreased 
within limits. Also an increase in the air output can be obtained if the 
exhaust tube of a water suction pump is connected to the tube of water 
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inlet. This, however, has not been found necessary for the aeration of 
plant nutrient solutions. 
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DETERMINATION OF CAROTENE IN SWEET POTATOES? 
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Introduction 


The determination of carotene in fresh plant tissue is complicated by the 
presence of large amounts of water. The tissue must be dehydrated before 
the carotenoids can be extracted with fat solvents. This has been ac- 
complished in the past by the addition of acetone or ethanol with a fat solvent 
such as Skellysolve B (8, 5). These methods employ a Waring blendor for 
disintegrating the tissue in the presence of the extracting solvents. More 
recently, MITCHELL and Kine (4) found that, if alfalfa and cereal grasses 
were first blanched or autoclaved, the water then could be removed by drying 
at 65° C. without causing appreciable loss of carotene. Blanching or auto- 
claving was necessary to prevent destruction of carotene by the enzyme 
lipoxidase during drying (2). After the plant tissue was dried and ground, 
the carotene was removed by the procedure used by SILKER, SCHRENK, and 
Kine (6) for dehydrated alfalfa meal, which consists of allowing the sample 
to stand overnight in contact with 60 ml. of 30% acetone in Skellysolve B. 
This method was shown to reduce greatly the sampling error that is en- 
countered with such non-uniform plant tissues as alfalfa and cereal grasses. 

In view of the advantages previously reported for the method, and in 
anticipation of the routine determination in this laboratory of the carotene 
content of a large number of sweet potato samples, it was desirable to de- 
termine if the method proposed by Mitchell and King could be used with 
the sweet potato. This is a report of the results obtained. 


Methods 


The method proposed by Mitchell and King was compared with that of 
Watt and Keutey (7), which is widely used for determining carotene in 
fresh plant tissue, and which requires the comminution of the fresh tissue 
with a mixture of ethanol and Skellysolve B. Several unpeeled sweet 
potatoes were split longitudinally into quarters. Four samples were ob- 
tained by combining a quarter from each potato. Sample 1 was ground with 
a food chopper and mixed. 20-gm. portions were weighed for carotene de- 
termination by the Wall and Kelley procedure. Sample 2 was autoclaved 
for 10 minutes at 10 pounds pressure, after which it was ground with the 
food chopper and analyzed by the Wall and Kelley procedure. The quarters 
of samples 3 and 4 were cut into thin crosswise slices, which were spread out 
in enameled pans. Sample 3 was dried in a circulating air oven for four 
hours at 65° C. Sample 4 was autoclaved for 10 minutes at 10 pounds pres- 


1 Contribution No. 359, Department of Chemistry. The sweet potatoes used in this 
investigation were supplied by Dr. O. H. Elmer, of the Department of Botany. 
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sure and dried at 65° C. Carotene was determined on samples 3 and 4, 
after grinding through a 20-mesh screen, by the extraction procedure of 
Silker, et al. Autoclaving sample 4 caused gelatinization of the starch, which 
retarded drying, so that sample 4 required about eight hours to become dry. 
Furthermore, the pieces of this sample were hard and horny when dry, and 
were difficult to grind. 


Results 


The data of table I show that the Mitchell and King procedure (sample 4) 
cannot be used with the sweet potato without modification. Carotene was 
not extracted completely from the horny particles that resulted when the 
sweet potato was autoclaved before drying. When autoclaving was elimi- 
nated from the procedure, however, the results obtained by this modification 
of the method (sample 3) were in good agreement with those obtained by the 


TABLE I 


COMPARISON OF THE METHOD OF MITCHELL AND KING WITH THAT OF WALL AND 
KELLEY FOR DETERMINING CAROTENE IN SWEET POTATOES. 





WALL AND KELLEY MITCHELL AND KING 
VARIETY ae ; a a a 
es Raw AUTOCLAVED Raw AUTOCLAVED 
(SAMPLE 1) (SAMPLE 2) (SAMPLE 3) (SAMPLE 4) 
mg./100 gm. mg./100 gm. mg./100 gm. mg./100 gm. 
dry wt. dry wt. dry wt. dry wt. 
Naney U-12 33.3 34.7 33. 21.0 
Rols 17.8 22.4 18.3 13.1 
Orlis 42.5 44.4 45.4 35.5 
Nancy Gold 69 41.1 37.8 38.9 
Red Nancy U-10 36.3 36.5 35.7 
Naney Hall 5.6 4.7 5.6 
Red Nancy B-2 42.2 43.6 39.0 
Red Nancy B-1 37.2 32.6 34.1 


Wall and Kelley procedure (samples 1 and 2). This effect of heat probably 
is different from that encountered by Lease and MircHeui (1). They found 
that carotene could not be extracted completely with petroleum ether from 
cooked sweet potatoes which had been heated with alcoholic potassium hy- 
droxide to liberate the carotene from the tissue. 

The lack of carotene destruction during the drying of the unautoclaved 
tissue is evidence that carotene-destroying enzymes are not present in the 
sweet potato. Their absence was shown also by failure to obtain a positive 
test with a modification of the Reiser and Fraps lipoxidase method (3). It 
is fortunate that these enzymes are absent; otherwise the method could not 
be used because of the deleterious effect of autoclaving on the subsequent 
extraction of the dried tissue. 

The advantages of the method when used with the sweet potato were 
found to be essentially the same as when used with alfalfa and grasses; 
namely, reduction of sampling error, reserve material for repeating the 
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analysis in case of analytical failure, and ability to handle a large number of 
samples with less help. 

It is interesting to note that, when analyzed by the Wall and Kelley pro- 
cedure, the samples which were autoclaved were not consistently higher in 
carotene than those which were not autoclaved. Hence, autoclaving does not 
facilitate carotene extraction from the sweet potato by this method, as it 
does with leaf tissue (8). 

ZscHEILE and WuiTMorE (8) reported that alfalfa meal which was ground 
to pass through a 20-mesh screen was not sufficiently fine to permit maximum 
extraction of carotene with 30% acetone in Skellysolve B. To determine 
the effect of fineness of grinding with the sweet potato, unautoclaved sliced 
potatoes were dried at 65° C. for four hours and ground to pass through a 
20-mesh screen. The samples were mixed, and a portion of each was re- 


TABLE II 


EFFECT OF FINENESS OF GRINDING ON THE DETERMINATION OF CAROTENE 
IN SWEET POTATOES. 








VARIETY 20 MESH 60 MESH 
mg./100 gm. mg./100 gm. 

dry wt. dry wt. 
Orange Little Stem 33 15.8 16.1 
Orange Little Stem 44 21.3 21.3 
Orange Little Stem P-35 38.3 39.0 
Common Little Stem Jersey 4.0 3.7 
Nancy Hall 5.7 5.7 
Nancy Gold 68 36.2 36.5 
Rols 18.0 17.6 


ground to pass through a 60-mesh screen. Carotene was extracted by the 
method of Silker, et al. The results (table II) indicate that the carotene 
was extracted as completely from meal ground to 20-mesh as it was from 
meal ground to 60-mesh. It is possible that additional grinding of sample 4 
(table 1) would have improved the extraction of carotene from it, in view 
of its horny nature. This was not investigated, however, since the horny 
material was difficult to grind, and since autoclaving was found to be 
unnecessary before drying. 


Summary 


The Mitchell and King procedure for determining carotene in alfalfa and 
cereal grasses must be modified for use with the sweet potato. Autoclaving 
before drying caused gelatinization of the starch, which reduced the drying 
rate and resulted in a horny material from which the carotene was extracted 
incompletely. When autoclaving was eliminated, the method yielded results 
in good agreement with the Wall and Kelley procedure. Elimination of this 
step was possible because of the absence of carotene-destroying enzymes in 
the sweet potato. 
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Grinding the dried tissue to pass through a 20-mesh screen made it fine 


enough for quantitative extraction of the carotene. 
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CONIFEROUS ROOT EXUDATE 


T. W. DANIEL 


Received October 22, 1948 


= 


The literature on root exudate is replete with studies of factors in- 
fluencing the quantity and cycle of its production. For the most part, this 
work has been done utilizing herbaceous species or vines, but citations are 
also available on some of the broad-leaved trees. Root exudate from coni- 
fers is rarely reported, but in the course of preparation of a thesis at the 
University of California it was convenient to test several young conifers 
for root exudate production. 

Exudate from decapitated conifers of several species, with sunflower’s 
exudate under comparable conditions for comparison, is given in the ac- 
companying table. 
at each reading in cubic centimeters, and the time of each measurement. 
The data were collected as supplemental information to a series of tran- 
spiration studies and not as a designed experiment, which explains the 
different decapitating times for the various plants as indicated by 0.0 in 
The plants had been exposed to a series of humidities (90, 50, 70, 
50, 30, 70, 90) at 75° F. for 22 days with 24 hours of light alternating with 
24 hours of darkness. On October 4, the lights were turned off at 7: 30 
A.M. and the 90% humidity maintained. The plants were then cut off as 
fast as leaf area measurements could be made, which resulted in a differ- 
ence of two and one-half days between the decapitation of the first plant 
and the last. 

The trees were approximately eight months old and grown in culture 
solution (1/10 normal Hoagland’s Solution) with aeration. The sun- 
flowers were seven weeks old at the time of decapitation after being grown 
in the same solution as the trees throughout their growth period. All 
plants, during the transpiration study and during the exudate measure- 
ments, were in the same culture solution and aerated. Most of the root 
systems of the plants were healthy at time of decapitation, although some 
had failed to develop the masses of new rootlets common to the others, 
possibly because of injuries incurred during the experiment. 

After decapitation, a short piece of rubber tubing was slipped over the 
top of the stump to catch any exudate. Exudate was measured by draw- 
ing it into a 5 ee. graduated cylinder. The tank containing the roots was 
immersed in a constant temperature bath held at 75° F. in a room that 
was windowless and dark most of the time. 

Exudate was obtained from all the species used, and with only one 
specimen (ponderosa pine) failing to give some signs of it. The data are 
chiefly notable, other than substantiating the existence of coniferous root 
exudate, for the performance of a couple of individual trees, especially 


The table gives the species, the volume of root exudate 


 - 
2 ee ee 


A 


~ 


eer ee iw 


297 
Val 











Or aE ae ee ee 
100 T0 ca'0 iL L 0 iL 0 0 iL L iL 0 STO Wd 00:¢ 
coo £0 cs'0 00 c0'0 0 cL°0 0 0 0 0 too 0 £0 WV O£ +8 
88/1/01 
v0 20 £0 00 00 00 10°0 0°0 Wd 00:01 
TO 20 30 iL 60°0 L0'0 WV 00: 
iL T0 0 20 coo ct'0 WV 00:¢ 
88/9/01 
c0o'0 80 90 LS LS LS LS LO TO Wd 00:TI 
coo) 3 STO C'( LO 00 Wd 00:¢ 
00 Wd 00:2 
0 20 80 L L LS 0°0 WV 00:11 
b 0 20 oT coo soo Ls Ls WV 00°F 
8 8€/S/0I 
S 20 FO eT L L Wd 00:01 
= cT0 cv0 eT Wd Sh: 
= 0°0 00 Wd 00:2 
fy 00 00 Wd 00:1 
e 00 00 WV Of :II 
Z 00 00 WY OF [01 
x i WV 08 °6 
a 8e/P/01 
a. 2 . ee ee ee ae os os ep es PP oP Ul 
5 5 5 S 3 SS Ss Ss Ss a5 BF 99 9g =¥) a a a 7 
=~) =>) ==) S a oS oe @ 4, @ 5 wai sf s ag 2 = a = = 
° (=) ° 5 | oe fe) oe fe) ro) ° ° es) ro) o co e = 
4 oe OY 2a oS aie Sede Se See Se Se | 
“| = — a bd r) <) S S 
[-") = 








“SOVdaOS dWOLS 40 ONILLAM FAIMAISIA= LS { S¥aLANILNGO O1an9 +10°= ‘SYSLANILNAO O14N9 NI ALVaNXa ao 
GNATOA ‘STVOGIAIGNI Ad ANNIOA ALVGOXA dO ONIGVAA HOVA JO GNLL FHL HLIM SAIOadS GAAVATAVOUT GNV SQOOUTMINOOD 'IVHAAAS JO ALVANX 


I WITavab 


328 








BRIEF PAPERS 











TOT 8s cO'6 coo coo 100 ¢ 
iL 
10°0 

20 iL 
TO L0 
0 9°0 iL 
£0 0 
£0 ceo iL 

D a D i. I~ i 

= & S e ® a 

i Se ae ae | 

aos. S| Ce 8 

g g g < 

INAOA 


£0 00 
0°0 
00 
iL 00 
0°0 
L 
TO 
v0 
10 
we yy 
> + 1°) = 
- = 
& © 
~ 


os ** 
_—-» 


9¢°0 IT 
£0°0 
€0°0 

C0 [0 

20 co 

0°0 

a0 

30 

L 

oes OF 

=. 

aD mr 

mi § 

a 


a ee, 


> me ee weer ef tere 





crs ceo FO 30 380 
iL 20 
v0 L 
ST'0 20°0 
OF'O L ime) 
c6'0 c3'0 o0 clo 
cal €°0 
cs"0 L L 0 LO 
OT 0 L L U0 
c0'0 
iL 0 0 iL 0 
OF 2 2 2 2 
a5 ! yr = = 
— “4 — = = 
-e fis F 
ac) i-* [—") 
oS 
A 





ce'T 


iL 


v0 


c0°0 


cT'0 


pooa pay 


GeO 


— 
e 


poom pay 


oT 


“SOVdaNS dWNOLS dO ONILLAM ATAISIA= LS !SYRLAWILNAD O1ano F10°=.L ‘SYaLANILNAO 01409 NI GLvanxa ao 


“00 


Wd 


Wd 


WV 


WV 


ur [BO], 


00 *F 


8¢/LT/0I 


00 *F 
€/9L/ 01 


00 *6 


8¢/ST/Ol 


00 *6 


8E/FL/0T 





Wd 


WV 


Wd 


00 +S 
8¢/TT/O0L 
0€ +8 
8¢/0T/0I 
cy :¢ 
8£/6/0T 
GF: OL 
OF +6 
8/8/01 


“STVOGIAIGNI AG GANONOTIOA ALVGOXA dO ONIGVAY HOVA JO ANIL AHL HLIM SaI0OddS CHAVATACVOUd GNV SNOYNAMINOD TvVHaARS JO ALVAGOXY 


(panuyuoy)—T ATAVL 


2 Ti RODD Aj CSET A ing yp ar. 


ten 


ns Lee Aap ase 


ac ee A St AE ta ad 








330 PLANT PHYSIOLOGY 


one specimen of Port Orford cedar, whose exudate compares favorably 
with that of sunflower, and one redwood for its prolonged period of measur- 
able exudation. It is noteworthy that the sunflower exudate seems to have 
a periodicity that conforms with a normal day of 12 hours dark and 12 
hours light rather than the 48 hour day which had been imposed during 
the previous 22 days. 

An unsuccessful attempt to check the results was made a month later. 
Lack of the constant temperature bath, changing the day length to normal, 
poor root development, as well as the use of older material, all may have 
contributed to the lack of exudate. The sunflowers produced only a token 
quantity of it and the conifers none at all. 


ScHOOL OF ForREST, RANGE, AND WILDLIFE MANAGEMENT 
UtTaH STATE AGRICULTURAL COLLEGE 
Logan, UTAB 








NOTES 


Joseph S. Caldwell Retires.—Dr. JoserH S. CALDWELL has retired at 
Plant Industry Station after 31 years of service. He is author or co-author 
of 103 technical articles and bulletins and his work during World War II 
was especially cited by the federal agricultural research administrator. Dr. 
Caldwell has made valuable contributions on the behavior of fruits and 
vegetables when canned or dried. 


Annual Review of Plant Physiology.—1949, edited by James Murray 
Luck. Published by Annual Reviews, Inc., Stanford University, California, 
U.S.A. Price $6.00. 

The purpose of the Review is to provide an annual evaluation of all 
branches of plant physiology, pure or applied in the service of agriculture. 
Special consideration is to be given subjects bordering on several disciplines 
such as soil and plant interrelations, physiological anatomy, physiological 
ecology. Broadly speaking the Review should encompass the entire field of 
experimental plant science with the exception of genetics. 

The contents of each volume are to be built around a core of annual 
reviews in fields of great activity: Inorganic nutrition of plants, photosyn- 
thesis, ete. In addition other reviews are to be included at biennial or longer 
intervals depending on the extent of publication and current research 
interests. It is intended that reviews be written primarily for the general 
reader with a background in plant physiology and related fields, rather than 
for the specialist. Whenever necessary an attempt will be made to intro- 
duce and give the subject proper perspective. Special attention will be 
placed on the critical character of the reviews. 


Plantefysiologi—D. Mutter. C. T. Thomsens Bogtrykkeri, Copen- 
hagen, Denmark. 302 pages, 1948. 31 Danish Crowns. 

This college textbook printed in Danish, intended primarily for agri- 
cultural students, gives special emphasis to vital processes in particular 
reference to Danish agricultural, horticultural and forest plants. Nutri- 
tion, growth, development and yield are given special attention. The book 
contains 212 figures and 7 colored plates and will be of interest to botanists 
because of the new data, illustrative material, the investigations of the au- 
thor and his collaborators. The press work and quality of photographs 
are excellent. The citations and comprehensive index contribute con- 
siderably to the value of the book. 


Technique of Organic Chemistry, Volume II: Catalytic, Photo- 
chemical and Electrolytic Reactions.— ARNOLD WEISBERGER, Editor. In- 
terscience Publishers, 215 Fourth Avenue, New York 3, New York. 219 
pages, 1948. $5.00. 

This book provides a comprehensive presentation of techniques for in- 
vestigation of organic compounds with a theoretical background and limita- 
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tions of methods and apparatus. This volume describes procedures not 
yet as widely employed as they might be with a view to demonstration of 
their merits, versatility and encouragement of greater application. Each 
section is written by eminent specialists. Content and format have re- 
ceived effective attention. Illustrations, tables, formulae and a compre- 
hensive subject index add considerably to understanding of the text. 


Chemistry and Uses of Insecticides.—E. R. De Ona. Reinhold Pub- 
lishing Corporation, 330 West 42 Street, New York. 345 pages, 1948. $6.00. 

This book is primarily designed to meet the needs of growers in all 
branches of agriculture. It comprises a comprehensive treatment of insec- 
ticidal materials, their agricultural application, a dictionary of insecticides, 
a glossary and numerous tables, legal regulations. The chemical nature, 
the effectiveness, precautions and methods of application and fumigation 
are treated systematically, giving a broad overview of the development 
and use of insecticides. The first portion of the book is devoted to arsenic, 
copper, sulphur and other inorganic compounds. Concluding chapters 
treat oils, fumigants, plant derivatives, synthetic organic compounds and 
use of temperature and radiation treatments. The appendixes, author 
and subject indices facilitate rapid reference use. 


Physiology of Development and Movement of Plants.—Erwin 
Binnine. Volumes 2 and 3. Verlag Springer, Jehensstrasse 1, Berlin- 
Charlottenberg, Germany. 464 pages, 1948. RM 29.70. 

The actual title of this book is ‘‘ Entwicklungs- und Bewegungsphysiol- 
ogie der Pflanze’’ and it is printed in German. It comprises the six sec- 
tions as follows: Grundfragen (basic concepts) ; Aktivitiitswechsel (changes 
in activity); Wachstum, Zellund Kernteilung; Inneren Faktoren der 
Differenzierung; Die Bewegungsmechanismen ; Wirkung fiussere Reize auf 
Bewegune und Entwicklung. 

Though this book endeavors to include reference to world literature, 
it will be of special interest to American botanists because it presents con- 
siderable European research completed just prior to, during and subse- 
quent to World War II, much of which has not been conveniently available 
in the original. The book is of textbook rather than monographic organiza- 
tion but is critical and comparative in its treatment of the work of various 
investigators. The book is readily readable because of the author’s style 
and arrangement of content. It is liberally illustrated with 404 figures in 
addition to numerous tables of original data. The subject matter is com- 
prehensive despite the problems of inavailability of foreign literature of 
war years to the author. This book extends the author’s previous work in 
his first volume on these topics and provides an organized presentation of 
the recent axis and allied research, as far as the latter has been available 
to him in recent years. The publication is of interest not only because of 
its content, but also because of its viewpoint and the fact that it is sympto- 
matic of the rebirth of botanical research in the occupied axis countries. 
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Photosynthesis in Plants—JAmes FrANcK and W.E. Loomis, Editors. 
State College Press, Ames, Iowa. 500 pages, 1949. $7.00. 

Photosynthesis in Plants is the second volume of the American Society 
of Plant Physiologists’ monographs, prepared by the society’s Monograph 
Board (D. R. Hoagland, Gordon Mackinney, J. W. Shive, F. W. Went and 
W. E. Loomis, chairman). The book is an outgrowth of the Gibson Island 
Conference on Photosynthesis in 1941 and the Symposium on Photosynthe- 
sis at the Chicago meeting in 1947. Its publication has been made possible 
by the generous assistance of the authors and Drs. Neil E. Gordon and 
Farrington Daniels as well as capable efforts of the editors. The book is 
of interest to biologists, plant physiologists, organic and biochemists. 

The twenty-two chapters comprise the following topics: an introdue- 
tion by W. E. Loomis; Photosynthesis under Field Conditions by M. D. 
Thomas and G. R. Hill; Products of Photosynthesis by James H. C. Smith; 
Diffusion through Multiperforate Septa by J. Verdiun; The Chloroplasts 
by 8. Granick; Functions and Properties of the Chloroplast Pigments by 
Harold H. Strain; The Photochemistry of Chlorophyll by Robert Livings- 
ton; Chlorophyll Studies by P. Rothemund; Processes Accompanying 
Chlorophyll Formation by James H. ©. Smith; The Quantum Require- 
ment of Photosynthesis by Robert Emerson and M. S. Nishimura; Quan- 
tum Efficiency of Photosynthesis in Chlorella by W. E. Moore and B. M. 
Duggar; Quantum Efficiencies for Photosynthesis and Photoreduction in 
Green Plants by Foster F. Rieke; A Calorimetric Determination of the 
Quantum Yield in Photosynthesis by William Arnold; The Photochemical 

Liberation of Oxygen from Water by Isolated Chloroplasts by A. 8. Holt 
and C. 8. French; Chlorophyll Fluorescence as an Energy Flowmeter for 
Photosynthesis by E. Katz; The Relation of the Fluorescence of Chlorophylt 
to Photosynthesis by James Franck; The Pattern of Photosynthesis in 
Chlorella by Jack Myers; Some Remarks on Tracer Researches in Photo- 
synthesis by M. D. Kamen; C™ in Photosynthesis by A. Benson et al.; 
Kinetics of a Photochemical Intermediate in Photosynthesis by A. H. 
Brown, E. W. Fager and H. Gaffron; Investigation of the Chemical 
Properties of Intermediates in Photosynthesis by E. W. Fager; The Com- 
parative Biochemistry of Photosynthesis by C. B. van Niel. 
The various chapters contain original data, are liberally illustrated 
and excellently organized; and each concluded with a list of major cita- 
tions. The general subject and author index to the book facilitates rapid 


reference to specific topics. 

The authors, editors and printer are to be congratulated on the lucidity 
and comprehensiveness of the text, the helpfulness of the illustrations and 
organization of subject matter as well as the general excellence of format 
and type. Its scope and style will appeal to students and professional 
workers. The monograph meets an important need and will serve widely 
as an authoritative source book on photosynthesis. 
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Techniques of Histo- and Cytochemistry.—Davip Guick. Interscience 
Publishers, 215 Fourth Avenue, New York 3, New York. 531 pages, 1949. 
$8.00. 

This publication is a manual of morphological and quantitative micro- 
methods for inorganic, organic and enzyme constituents of biological 
materials. 

The firs, portion of the book deals with methods of microscopic analy- 
sis, inelucing preliminary preparation of tissues by freezing and drying 
techniques. Precise methods of recognition, localization and quantitation 
of various chemical substances in tissues are given with critical ecommen- 
tary as to applicability, precautions, and limitations. 

The remainder of the book is devoted to methods for accurate physical 
and chemical microanalyses applicable to biological materials, including 
mechanical separation of the morphological components of protoplasm. 

The contents comprise critical consideration of microscopic techniques 
for chemical and physical study of inorganic and organie components of 
plant and animal tissues, including enzymes; physical procedures such as 
fluorescent microscopy, histospectroscopy, microincineration and radio- 
autography; chemical techniques including colorimetry, titration, gaso- 
metry, dilatometry ; microbiological assay, and methods of mechanical sep- 
aration of cellular components. 

The author’s style is lucid and concise, format and organization of the 
book are well adapted for ready reference and laboratory use of the pro- 
cedures described, the 159 illustrations of apparatus and tissues are of 
excellent quality and contribute greatly to clarity of text and press work 
shows unusually good workmanship.: The 34 page bibliography is compre- 
hensive yet clearly selective of the most important original work in rela- 
tion to newer techniques. The 20 page cross-reference subject index facili- 
tates rapid reference use of the book. This book will be weleomed by 
biologists as a much needed major contribution on methods of study and 
analysis of biological materials. Through its emphasis on histo-chemistry 
and physics, this book serves to link the descriptive data of histology and 
cytology with the rapidly emerging field of histo-physiology, thereby facili- 
tating in situ investigations in a natural milieu. Botanists who have pre- 
viously been using the earlier related publications by Molisch, Tunmann 
and Chamot will find this new work by Glick especially useful since it as- 
sembles and modernizes the techniques of microchemistry in the dual sense 
of this term as commonly employed by chemists and biologists. 


Annual Review of Microbiology. Volume II.—C. E. Cuirron, Editor. 
Annual Reviews, Inc., Stanford, California. 532 pages, 1948. $6.00. 

The following sections of this new review series will be of special 
interest to plant scientists: Yeasts, Genetics of Fungi, Growth Factors 
of Microorganisms, Antibiotics, Bacteria as Plant Pathogens, Microbiology 
of Soil and Bacterial Nitrogen Fixation, all by eminent specialists. 


